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ABSTRACT 
Mechanical seals have increasingly been used for sealing rotating shafts in centrifugal 
pumps, propeller shafts in ships and submarines, compressors, liquid propellant rocket 
motors in aerospace industry, pumps, turbines, mixers and many other rotating machines 
during last two decades. Abnormal operating conditions in the mechanical seals will degrade 
machine performance, increase operating cost and may cause unexpected sudden failures 
which are dangerous in both engineering and safety terms. Hence it is necessary to 
investigate the tribological behaviour of mechanical seals operating based on nonlinear 
coupling between fluid and surface dynamics, in order to develop more advanced diagnostic 
technologies to improve the reliability of such machines operating with mechanical seals. 
Different condition monitoring techniques have been studied to evaluate the lubrication state 
and severity of contact between the mating faces in mechanical seals. However, some of 
them are not cost effective others are not practical in industrial applications. Acoustic 
emission (AE) has been proved to be a sensitive indicator of lubrication conditions and 
changes in the lubricant properties, however the application of technique for identification 
of lubrication regimes in mechanical seals has not been reported yet. Moreover, previous 
studies give relatively little information to acoustic emission condition monitoring of 
mechanical seals, nor has comprehensive fault detection been implemented for a particular 
case. In addition, a review on previous works reveals the lack of comprehensive 
mathematical models to explain the relationship between AE energy and tribological 
characteristics of the mating faces under healthy and faulty conditions. 
In this research, the tribological behaviour of mechanical seals is investigated using acoustic 
emission measurements to pave a way for fault detection at early stage. Three common seal 
failures i.e. dry running, spring fault, and defective seal are studied in this thesis. The main 
objective is to extract AE features that can explain the tribological behaviour of mechanical 
seals under both healthy and faulty conditions. To achieve this, a purpose-built test rig was 
employed for collecting AE signals from the mechanical seals. Then, the collected data was 
processed using time domain, frequency domain and time frequency domain analysis 
methods which are of the most common techniques used for monitoring in AE applications.  
Based on results the main frequency band that can present the tribological behaviour of 
mechanical seals was detected. Also it has been proved that AE features in time domain and 
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frequency domain can be effectively applied to indicate the lubrication condition of 
mechanical seals as well as early fault detection. 
Moreover, mathematical models were developed to establish a relationship between AE root 
mean square (RMS) value of AE signals and working parameters of seals (rotational speed, 
load and number of asperities in contact) under different lubrication regimes. A good 
agreement was achieved between measured and predicted signals that gives a good evidence 
of the effectiveness of proposed models. Especially in case of leakage that is one of the main 
situations indicating the seal failure, a significant difference was observed between the 
predicted signal for healthy case and the measured signal under faulty conditions. 
Therefore, it can be deduced that the AE measurement system and signal processing 
developed in this work has a promising potential to be used to diagnose and monitor the 
mechanical seals online.  
Finally, the conclusions and achievements are given based on the entirety of this research 
work, and online monitoring incorporating with AE features and mathematical models 
developed in this thesis are suggested as the main works for further research.  
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CHAPTER ONE;  
1. INTRODUCTION  
 
This chapter provides an overview of the academic work in this thesis and gives a general 
background to the area of research. It first introduces an overview of seals highlighting 
different types and parts of mechanical seals. Then the range of commonly-encountered 
mechanical seal faults is explained with a view to identifying those which might reasonably 
be monitored using acoustic emission technique. Then the research background including 
the necessity and challenges for condition monitoring of mechanical seals is presented. This 
is followed by a brief review on different techniques that have been applied for monitoring 
the condition of mechanical seals. Finally, the motivation, research aim and the remaining 
structure of the thesis are outlined. 
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1.1 An Overview of Mechanical Seals 
Seals are used throughout the world influencing on the reliability of pumps, compressors, 
turbines, mixers and etc. A seal is a device placed between two surfaces to prevent or reduce 
to a minimum acceptable level leak of gas or liquid from one region to another. They also 
prevent dirt from entering through those surfaces. Seals fall broadly into two categories, 
static and dynamic seals. Static seals such as gaskets are used when the mating surfaces are 
not subject to relative movement. A dynamic seal is a mechanical device used to control 
leakage of fluid when there is rotating or reciprocating motion between the sealing surfaces. 
Since the seal is designed to fit around the shaft or some part connecting to the shaft, dynamic 
seals are often called shaft seals. An example of static and dynamic seal application is shown 
in Figure 1.1.  
 
 
 
 
 
 
Figure 1.1 Static and dynamic seals 
Dynamic seals can be classified into the contact seals where make contact with the moving 
part under positive pressure, and clearance seals which operate with predetermined positive 
clearance. The majority of dynamic seals such as mechanical seals come in the former 
category, where rubbing surfaces are separated and lubricated by a thin lubricant film [1]. 
Mechanical face seals known generally as mechanical seals or face seals have increasingly 
been used for sealing rotating shafts during last decades. Mechanical seals contain two 
annular faces that fit around a rotating shaft. One face known as runner or rotor which is 
attached to and rotates with the shaft (it is also called rotating face), and the other is attached 
to the device housing and is stationary. This face is known as the seal ring or the stator. 
Together they form the seal faces, which are very smooth, very flat and perpendicular to the 
shaft. One face is flexibly mounted and can be the "floating face" in the axial direction, 
usually with a spring, such that it can travel along the shaft axis to allow small relative motion 
in the axial or angular direction and hence to provide the flexibility for misalignment 
Dynamic seal Static seal 
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between the parts, and the other face is fixed. The axially mounted spring on the shaft sealing 
assembly serves a fixed sealing force to the faces and hold them together to provide the static 
loading on the sealing gap. 
Either the stationary ring or the rotating ring is rigidly mounted and the other is flexibly 
mounted, the floating face is also defined as the primary ring and the rigidly mounted one is 
referred to as the mating ring. These basic seal parts are shown in Figure 1.2 
Figure 1.2 Schematic illustration of face seals 
The seal faces restrict leakage by operating in close proximity to one another, so that any 
leakage through the seal assembly must be through the interface between the two faces, 
known as the face gap (the average distance between the two seal faces) or sealing gap. The 
seal face gap is of the same magnitude as the surface roughness (asperity contact).  
Based on the Figure 1.2, there are also secondary seals in the assembly of mechanical seals. 
For example, O-rings are used between the rotating component and shaft or sleeve and 
between the stationary ring and gland plate. Secondary seals physically block gaps between 
the shaft, the housing, and the respective seal faces mounted to each preventing leakage by 
those routes and retain the sealing integrity. They also help to maintain close proximity 
between the annular seal rings under all operating conditions. The secondary seal can have 
a wide variety of different shapes and mechanism in addition to O-rings. Also, many seals 
contain anti-rotation pins to prevent the seal faces from rotating in undesirable directions. 
Another important characteristic of a seal system is coning angle, or the taper of the face gap 
from the inner diameter of the seal ring to the outer diameter. This concept is beyond the 
scope of the present study and has been extensively discussed in the literature [2, 3]. 
Stationary ring Spring 
Secondary seal 
Rotating ring 
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Mechanical seals are divided into three very broad categories [4]: Elastomer-bellows seals, 
pusher seals, metal-bellows seals. In this thesis the primary interest is on pusher cartridge 
mechanical seals as shown in Figure 1.3. 
 
 
 
 
Figure 1.3 Pusher type of mechanical seals 
1.2 Failure Modes of Mechanical Seals 
The reliability and performance of mechanical seals depends to a very large extent on its 
ability to maintain a thin fluid film that separates the stationary and rotating rings while 
simultaneously minimizing the duration and extent of mechanical contact between the 
mating surfaces. Too much contact force may cause dry running and overheat the face 
materials which increases wear rate and reduces seal life, not enough contact force may cause 
high leakage rate as shown in Figure 1.4. Based on the work of Summers-Smith [5], the 
existence of at least one of the following situations is an indication of mechanical seal failure:  
● Excessive loss of fluid from the system being sealed; 
● Excessive reduction of pressure within the system being sealed; 
● Excessive addition of barrier fluid into the system being sealed (double seal installations). 
Figure 1.4 Effect of seal gap can produce leakage (left), or excessive contact (right) 
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Lebeck [1] classified more than 60 direct or contributing failure causes into three broad 
groups: environmental factors, design and manufacture, operation and installation. The 
environmental group includes all of the causes that may naturally occur in a mechanical seal 
environment as a consequence of the process itself. For instance, sealed fluid with very low 
or high viscosity are classified into the environmental group. The design and manufacture 
group consists of factors that may lead to seal failure due to incorrect design and errors 
during manufacture. All of the deviations from expected operation that might be encountered 
and directly lead to failure, such as excessive radial or axial vibration of shaft or abrasive 
particles in the operational system, are classified into the operation and installation group. 
Therefore each of the individual components of the mechanical seal may contribute to a 
potential failure, Figure 1.5 
Figure 1.5 Examples of the common types of faults in mechanical seals[4] 
The interaction of the failure causes often occurring in practice makes the failure even 
complicated [4]. Moreover, mechanical seals are exposed to widely varying operating 
conditions (temperature, sealed fluid pressure and rotational speed), sometimes operating 
conditions change to become quite different from the specific conditions for which the seal 
was intended. For instance, mechanical seals may experience transient conditions at start-up 
and shutdown, opening and closing of a valve, weak lubrication system, fluctuations of 
pressure, temperature and flow, fluid transient vaporization, high sealed pressure conditions 
and structural deflections because of pipe loads or thermal expansions etc. The chart shown 
in Figure 1.6. is an example of the reasons for seal failures. The survey reveal that dry 
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running and wear, which normally cause the damage of the seal faces, are the main reasons 
that can lead to failure of mechanical seals.  
 
Figure 1.6 Causes of mechanical seals failure [6] 
Therefore, to a large extent mechanical seal failures are attributed to mal operation of 
machinery (i.e. allowing pump to run dry) which are not potentially a fault with the seal 
itself. The view is widely held that the risk of failure is smaller when operating conditions 
are certain [6]. Hence the investigation of the effect of different operating conditions on the 
tribological behaviour of mechanical seals is of high importance to make sure that the mating 
faces continue to perform the functions for which they were intended. 
1.3 Research Background 
Although mechanical seals were originally designed to lend a greater sealing capability than 
could be achieved using common packing, they are now the most common type of seal found 
on centrifugal pumps, propeller shafts in ships and submarines, compressors, liquid 
propellant rocket motors in aerospace industry and in similar applications. A review of 
sealing technology [7] reiterated the important role of mechanical seals in rotating machines. 
For instance, about 95 % of the rotating equipment used in chemical processes adopts the 
mechanical seal for preventing leakage between shaft and shell [8]. The reason for such a 
popularity arises from the fact that mechanical face seals can protect against leakage across 
much higher pressure differences than the other types of dynamic seals. According to another 
statistic [9], among the sealing devices of rotary machines in industrially advanced countries, 
0
5
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mechanical seals account for about 90% of all sealing devices. For instance in China, 
mechanical seals are adopted in 80%-90% of centrifugal pumps [9]. 
Due to wide range application in industry, seal failures may cause direct (such as leakage 
and loss of fluid) as well as indirect (downtime and maintenance cost) losses. Moreover, 
failure of sealing devices directly affects the working status of a machine and has a great 
impact on the reliability of the whole system. A well-known example of this is the disaster 
of the space shuttle Challenger that occurred in 1986, claiming the lives of the all crew 
members. Subsequent investigations determined the cause of the accident was the failure of 
an O-ring in the solid rocket booster that was unable to seal a critical gap [10]. 
In 1999, Semple [11] claimed that the failure of pumps directly related to seals could drop 
from 52% to 9% if proper selection and engineering of the seal system were carried out. It 
has been shown that 52% of pump failure is caused by seals [11] and approximately 70% 
of pump maintenance cost in the refining industry is estimated to be related to mechanical 
seals [6]. Such seal failures indicating the role of monitoring the operational condition of 
mechanical seals if properly achieved can significantly reduce the maintenance costs.  
The industry looks forward to techniques that can predict the failure of mechanical seals so 
as to avoid emergency shutdowns, improve performance of seals and reduce maintenance 
costs. Condition monitoring has received considerable and wide spread attention throughout 
most of the industries employing rotating machines [12]. It is increasingly becoming 
common in industry because of the needs to prolong machine life, increase reliability and 
decrease possible loss of production due to machine breakdown. 
Different condition monitoring techniques are researched to predict seal life and to avoid 
premature failure. However, progress in the field of condition monitoring has been less 
than in design and manufacture. This is due to the fact that mechanical seal faces unlike 
motors, bearings, gear boxes and other types of rotating machinery has a wide diversity of 
working conditions. The environment is variable and is influenced by many factors such as 
changes to the pump flow rate, changes in fluid property and changes in mechanical vibration 
due to misalignment, bearing or coupling wear and dynamic balance. 
The situation may get worse because the seal faces are low power consumption 
components (although it is an advantages itself), this property makes the signals from 
mechanical seals very weak compared to the signals from other components in rotating 
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machinery. Moreover, face seals are separated by extremely thin lubricating film and it is 
difficult to measure signals that can adequately represent their critical lubrication condition. 
Since the phenomena of heat transfer, mechanical and thermal distortion, surface topography 
effects as well as tribology science are mixed together [13], the reliable condition monitoring 
program of face seals should include all these complex variables as shown in Figure 1.7. 
Figure 1.7 The interactive nature of a mechanical seal system 
1.3.1 Condition Monitoring of Mechanical Seals 
On the basis that a “significant change is indicative of a developing failure” [14], condition 
monitoring is a monitoring process or a sensitive tool that focuses on early detection of faults 
and failures of machinery by employing combinations of sensors and signal processing 
equipment that provide continuous indications of component to minimize downtime and 
maintenance costs [15].  
Since run-to-failure maintenance is the most economic strategy under some low or even 
medium severe working condition of mechanical seals [16], the development of reliable 
condition monitoring is of high importance to avoid emergency shutdowns and great loss of 
production, especially in industry process applications, which is generally very high 
compared to the value of the seal itself. 
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Many condition monitoring techniques can be applied to evaluate the integrity and monitor 
the condition of industrial components. In the case of mechanical seals, different monitoring 
techniques based upon vibration analysis[16], eddy current [17, 18] and ultrasonic method 
[19, 20] have been used. Table 1.1 summarizes some limitations related to the mentioned 
methods. This is discussed extensively in Section 4.1. 
Table 1.1 Summary table for limitations of mechanical seals CM 
Applied method Limitation(s) 
Vibration 
analysis 
● Influenced more by the shaft speed rather 
than the frictional state of sealing gap 
Eddy current 
● Cannot be used to monitoring of mechanical 
seals operating in the mixed or boundary 
lubrication regimes. 
● Require modifying the device structure 
Ultrasonic testing 
● Unable to evaluate the severity of contact. 
● Cannot be used when the rings are fully 
separated due to the hydrodynamic lubrication 
1.3.2 Acoustic Emission Condition Monitoring of Mechanical Seals 
Materials naturally release elastic energy when they are deformed, which is known as 
acoustic emission (AE) or stress wave emission [21]. During the recent years, many 
researchers have investigated the development of AE applications for monitoring the 
condition of rotating machines such as bearings [21, 22], wind turbines [23] and gearboxes 
[24]. The principles and fundamentals of this technique is discussed in Chapter 3. 
Studies on the AE condition monitoring of contacting mechanical face seals dates back to 
the 1960s. In his pioneering work, Orcutt applied AE technology to investigate the sealing 
breakdown (leakage) of mechanical seals, however, it was not able to distinguish the signals 
generated by the contact of the faces from the strong background noises [25]. Technically, 
the barrier for a successful AE condition monitoring is the difficulty in distinguishing signals 
generated by the seal itself from those by other sources and from background noise, as 
pointed out by Anderson et al. [26]. This requires an appropriate experimental procedure and 
signal processing method. 
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Later on with progress in the signal processing techniques, F.Y Edward et al. applied an 
effective algorithm to extract monitoring information from the AE signals measured from 
the contact of the seal faces under very noisy conditions such as the presence of particles in 
pump fluids [27]. They integrated high order statistics with the multiple signal classification 
algorithm to improve the ability of suppress signal noises. In 2015, Xiaohui Li et al. 
developed a new approach based on generic particle filter with auto regression and 
hypersphere support vector machine to reduce the background noises in AE monitoring of 
mechanical seals [28]. They claimed that this method can effectively restrain the background 
noises and make the signal energy more stable. 
Since the energy of AE signals carry information about the details of frictional contact 
between seal faces, acoustic emission energy method has been proved to have promising 
potential for detecting incipient failures of mechanical seals such as leakage and dry running. 
Few researches are available in this area with positive outcomes [29-32]. Although not all 
researchers have equal success identifying the mentioned faults, the main difficulty with 
such investigation is that seal damage is needed to be simulated on test rig under realistic 
condition. Moreover, most of the previous studies have been undertaken in laboratories with 
non-ceramic materials samples [33-35], the application of results to the modern ceramic seal 
faces in industrial applications must be undertaken with caution as stated by Sikorska and 
Mba [36].  
Whilst the effectiveness of acoustic emission measurements for mechanical seal diagnosis 
is well established (Table 1.2), the application of this technique in the field of tribology and 
early fault detection in mechanical seals is still in its infancy (Table 1.3). Based on the above 
understandings it is clear that the AE features which may help to explore the tribological 
behaviour of mechanical seals are needed to be more investigated in the real applications. 
To achieve this, the proper frequency range related to dominant AE sources is needed to be 
identified and analysed using theoretical models and associated signal processing methods. 
At present some difficulties in fault generating in a controlled environment caused 
inconclusiveness in development of a strong diagnosis and prognosis for mechanical seals 
[36]. AE technology has also been proved to be a sensitive indicator of lubrication conditions 
and changes in the lubricant properties [37, 38], however, as a primary phase for accurate 
seal monitoring, the identification of different tribological regimes in mechanical seals has 
not been reported yet. 
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         Table 1.2 Summary table for AE condition monitoring of mechanical seals 
Reference Major contribution 
Orcutt. F, 1969 [25] Detect failure of mechanical seals (defective seal). 
Kataoka.T et al., 1987 
[29] 
Investigate the dependency of AE levels on the integrity 
of the mechanical seals. 
Miettinen.J. and V. 
Siekkinen,1995 [30] Diagnosis the leakage, dry running and cavitation. 
Holenstein. A.P,1996 
[32] 
AE in time domain (RMS and energy) is used for 
diagnosis damage. 
Anderson. D et al., 
2000 [26] 
Demonstrate the difficulty in distinguishing between 
signal and noise. 
Mba. D. et al., 2006 
[31] Detecting the onset and duration of seal-to-seal contact. 
Fan. Y.E, 2007 [16] 
Modelling AE energy in terms of seal working 
parameters, AE features in time domain, frequency 
domain and time frequency domain are studied. 
 
Table 1.3 Summary table for major limitations in previous works 
Reference Major limitation(s) 
Orcutt. F, 1969 [25] Low signal to noise ratio 
Kataoka.T et al., 1987 
[29] No clear trend in AE level is reported in case of leakage 
Miettinen.J. and V. 
Siekkinen,1995 [30] 
Not realistic faults especially in leakage test by creating 
radial grove in face, tests are not carried out under near 
isothermal conditions. 
Holenstein. A.P,1996 
[32] 
It is not proved that the AE level increases with the 
growing damage of the seal. 
Mba. D. et al., 2006 
[31] 
Low sealed pressure (atmospheric conditions), tests 
were not carried out under near isothermal conditions, 
only commence of contact is studied. 
Fan. Y.E, 2007 [16] 
Lubrication regimes are not considered, direct asperity 
contact is studied under hydrodynamic lubrication 
regime. 
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1.4 Research Motivation 
Mechanical seals have become the most popular sealing devices for rotating machines 
because of low leakage rate and long life under proper operating conditions. However, 
unpredictable seal failures with the seal life equal to two days to two months have been 
observed in some processes. This failure frequency is so high that they are even regarded 
like the fuse in an electrical system. Such unpredictable life of the same seal may occur due 
to improper design, wrong assembly, and diversity of operating parameters or incomplete 
operating instructions. For this reason, the need for reliable monitoring the condition of 
mechanical seals increases constantly. The conclusion drawn from previous works can be 
summarized as following: 
• Progress in the field of condition monitoring of  mechanical seals has been slow 
due to wide diversity of their working environment that can be variable and 
influenced by many factors.  
• The available methods such as eddy current and ultrasonic testing can’t be efficiently 
used in industry for reliable on-line condition monitoring of mechanical seals. Some 
of them require modifying the device structure, others have very expensive cost.  
• Most of the available methods can only measure commence of contact at the sealing 
gap and hence, they cannot be used efficiently to distinguish different lubrication 
regimes in face seal. 
• AE has been proved to be a sensitive indicator of lubrication conditions and changes 
in sealed fluid properties, however the application of technique for identification of 
lubrication regimes in mechanical seals has not been reported yet. 
• AE has been applied for detecting the faults in mechanical seals. However, the 
development of a robust detection and prognosis system for mechanical seals is being 
thwarted by difficulties in generating failures in a controlled, but realistic 
environment. 
• Despite a lot of published work, the application of AE technology to monitoring the 
integrity of mechanical seals has been slow to develop and has not been well 
documented. 
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• Direct asperity contact has been modelled, however the lubrication state in sealing 
gap as well as fluid borne AE signals have not been considered yet. 
This thesis will add to the methods listed above, monitoring the tribological behaviour of 
mechanical seals by the use of non-intrusive AE measurements for the purpose of fault 
detection at early stages. 
1.5 Aims and Objectives  
The aim of this research is to develop a novel effective technique based on the acoustic 
emission measurements for condition monitoring of mechanical seals. This includes 
monitoring different lubrication regimes, investigate dominant AE sources based on 
tribological behaviour of sealing gap and apply this information to detect the premature 
failures of mechanical seals. It is clear however that occurs in a wide variety of operating 
parameters (especially rotational speed and sealed fluid pressure) and failure modes. 
Therefore, it is necessary and essential to concentrate on a certain area to make the research 
more effective. Studies in this thesis will focus on the failure of the mating and primary rings 
as well as sprig fault; the failure of secondary seals will not be covered.  
The direct asperity friction, elastic deformation of asperities due to stress field of lubricant 
fluid and viscous friction in the sealing gap will be highlighted. These are strong acoustic 
emission sources in sealing gap and has critical influence on the tribological behaviour of 
mechanical seals. The AE sources will be mathematically modelled and verified. The 
developed models will be valid for a wide variation in film thickness covering some of the 
boundary, mixed and hydrodynamic lubrication regimes. 
To overcome the deficiencies of aforementioned researches, a comparative experimental 
program has been designed and carried out to identify the proper frequency band that can 
present the tribological behaviour of mechanical seals.  Moreover, the project will develop 
advanced signal processing techniques based on MATLAB post-process computational 
analysis.  
In summary, this thesis will focus on three key topics: developing novel acoustic emission 
techniques, monitoring tribological behaviour of sealing gap and early fault detection in 
mechanical seals. The following objectives are identified: 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
14 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
Objective 1: To perform a literature review and establish the theory, evidence and 
knowledge gaps in relation to nonlinear tribological behaviour and condition monitoring of 
mechanical seals. 
Objective 2: To carry out a comprehensive literature review and provide a theoretical basis 
for monitoring the tribological behaviour of rotating machines based on AE measurements. 
Objective 3: To improve the performance of and design and construct new parts for available 
mechanical seal test rig to simulate vide range of operating parameters and desired faults. 
Objective 4: To model the acoustic emission level caused by different AE sources at the 
sealing gap in terms of operating speed, load and other working parameters.  
Objective 5: To develop MATLAB codes for processing the data outputs from the sensors. 
Objective 6. To design a comparative experimental program to find the proper frequency 
band that can present the tribological behaviour of sealing gap. 
Objective 7. To design and carry out an experimental program that simulates different 
lubrication regimes in the operation of mechanical seals.  
Objective 8. To extract of the effective AE features to monitor the tribological behaviour of 
mechanical seals  
Objective 9. To implement experiments to replicate common faults in the mechanical seals. 
Objective 10: Study and verification of developed mathematical models to investigate 
tribological behaviour of mechanical seals and for detecting faults. 
Objective 11: To provide future researches in condition monitoring of mechanical seals with 
a new and different idea for further work. 
1.6 Organization of Thesis  
The thesis is organized into nine chapters including the present chapter. The basic outline of 
the thesis is as follows: 
Chapter 2: Presents a literature review on the tribological behaviour of mechanical seals 
highlighting lubrication regimes, friction, wear and heat transfer considerations.  
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Chapter 3: Describes the basic principles of the acoustic emission and its applications for 
condition monitoring of rotating machines as well as a brief discussion on propagation of 
elastic waves. 
Chapter 4: Explain a summary of the state of knowledge of the areas relevant to the 
condition monitoring of mechanical seals using AE measurements and other methods. This 
chapter mainly presents a critical discussion of the different monitoring approaches applied 
to mechanical seals so far. This assists in avoiding replication of previous works. 
Chapter 5: Presents the mathematical models to explain AE energy released from different 
sources at the sealing gap. The model is used to study the influence of different operating 
conditions on the elastic energy generated by AE sources. 
Chapter 6: Details the test facility used for the study and lists the equipment used together 
with specifications and operating principles of the rig. Test procedures and faults seeding 
are also detailed in this chapter.  
Chapter 7: Provides an in-depth discussion of the results of the experimental research on 
the tribological behaviour of mechanical seals using AE measurements. The main body of 
this chapter is related to investigate the AE features under different lubrication regimes. The 
discussion also compared the test results with the AE model developed in Chapter 5. 
Chapter 8: Discusses the results of a fundamental investigation on the potential of the AE 
technology for the purpose of fault detection in mechanical seals. The main objective of this 
chapter is the comparison and discussion of the results of base line tests against the faulty 
seal.  
Chapter 9: presents conclusions based on the findings and outlines recommendations for 
future work. 
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Chapter Two; 
2. Tribological Behaviour of Mechanical Seals 
This chapter reviews the material in relation with the tribological behaviour of mechanical 
seals from the literature. It first introduces the principles of mechanical seals. An 
understanding of their operation is presented along with constructional details and key 
characteristics. Then the tribology concept is presented. Focus is paid to the lubrication 
regimes of mechanical seals as well as dimensionless parameters usually used to 
characterize the tribological regimes of the sealing gap. This is followed by the concept of 
surface metrology, friction, wear and heat transfer in mechanical seals. All mentioned 
concepts are closely related to tribological behaviour of mechanical seals. Finally, the seal 
face material is discussed.
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2.1 The Principles of Mechanical Seals 
Mechanical face seals are used throughout the world as a key component of many rotating 
machines. Since the reliability and performance of the face seals is of high importance to 
prevent emergency shutdowns and reduce maintenance costs, understanding of their 
nonlinear tribological behaviour is a crucial consideration for the purpose of condition 
monitoring. This section deals with the principles of mechanical seals as well as design 
parameters that are usually discussed in connection with the tribology of the sealing gap.  
2.1.1 Internal vs. External Pressurized Mechanical Seals 
Mechanical face seals can be installed in two different ways, depending on whether the seal 
is mounted inside or outside the seal chamber: 
1. Inside mounting: In this configuration the pressurized fluid is sealed on the outer periphery 
of the sealing gap, which is called an outside (or forward) pressurized seal, see Figure 2.1 
(a). This is the most common arrangement, here the pressurized fluid acts with the spring 
load to keep the seal faces in contact. 
2. Outside mounting: In this configuration the fluid under pressure is on the inside of the 
seal as shown in Figure 2.1 (b) and the seal is called inside (or reverse) pressurised. This 
configuration is used for low pressure applications [2]. It should be noted that all discussions 
in this thesis are for outside pressurized mechanical seals.  
(a) Outside pressurized seal (pumps)  (b)Inside pressurized seal (vessels) 
Figure 2.1 Interval vs. external mechanical seals 
where:  
fP  is the absolute sealed fluid pressure [bar] 
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Pa is the pressure to be protected, for most seals is the atmospheric pressure [bar] 
hA  is the net hydraulic loaded face area [m2] 
fA  is the sealing interface area [m2] 
oD  is the outside diameter of sealing interface [m] 
iD  is the inside diameter of sealing interface [m] 
bD  is the balance diameter [m]  
hD  is the hole (chamber) diameter [m]  
2.1.2 Balanced VS. Unbalanced Mechanical Seals 
An important seal design parameter, widely used term in the sealing industry is the balance 
ratio. It is often used to describe the relationship between the net hydraulic loading 
(closing) area and the sealing interface (opening) area and refers to the difference between 
the pressure of the sealed fluid and the contact pressure between the seal faces. The balance 
ratio controls the axial load acting on the sealing gap and determines how effective the 
mating faces matched. For an outside pressurized seal the balance ratio is defined as [2, 3, 
16] : 
22
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==          (2.1) 
When balance ratio is greater than 1, the seal is called unbalanced or over-balanced, while a 
balanced seal has a balance ratio value lower than 1, Figure 2.2. Based on Equation (2.1), if 
the sealing interface area is held constant and the hydraulic loaded face area is decreased the 
seal would be balanced. In practice it is achieved with a shoulder on a sleeve or seal hardware 
to reduce the net hydraulic loaded area. Consequently, the effective face contact pressure is 
always less than the fluid pressure which helps to reduce the friction, wear and heat 
generation at the sealing gap. In an unbalanced seal the sealed fluid pressure is not relieved 
by the face geometry and the seal faces withstand full system fluid pressure in addition to 
spring pressure. 
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(a) Balanced seal    (b) Unbalanced seal 
Figure 2.2 The concept of balance ratio 
2.1.3 Closing Force VS. Opening Force 
A useful theory of face seals operation can be developed by considering some simplifying 
assumptions. Assuming constant physical properties, laminar and incompressible flow, the 
leakage rate in face seals, QL, is directly proportional to the average film thickness cubed as 
well as the pressure drop across the seal, and is inversely proportional to the fluid viscosity 
as depicted in Equation (2.2) [3]: 
µ
3)(hPQL
×∆
∝          (2.2) 
As discussed in Section 1.1, the success of the seal depends on maintaining a very small 
sealing gap between the rotating and stationary rings. Since forces on the primary ring 
determine its axial location, in order to assure a small gap, the opening forces should balance 
the closing forces as shown in Figure 2.3. It should be noted that forces act to close the 
sealing gap are closing forces and forces that widen the sealing gap are opening forces. 
Figure 2.3 Forces acting on sealing gap [39] 
80% 100%
 100%
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As illustrated in Figure 2.3, the closing force has two components. The sealed pressure acts 
on the backside area of the seal face along with the spring force that acts to insure positive 
closing force at low pressures as well as during assembly. Thus the total closing force on the 
primary ring is the sum of the spring force and the hydraulic force produced by the sealed 
pressure: 
hsc FFF +=          (2.3) 
where: 
sF  is the spring force 
hF  is the hydraulic force 
The hydraulic closing force is obtained from Equation (2.4) [16]: 
afffh PBAPBAF ×−×+××= )1(        
)( af PPBA +∆××=         (2.4) 
For moderate to high pressures, the closing force exerted by the springs is often negligible 
when compared with the hydraulic forces. However in low pressure applications the spring 
pressure is of the same magnitude as the hydraulic pressure [16]. 
The closing force is simple to obtain for a specific seal design and is generally constant 
during seal operation. However, since any pressure force on the sealing interface area tends 
to open the faces and it varies during seal operation, it is difficult to calculate opening force. 
Considering the fact that the sealing gap is of the same magnitude as the surface roughness 
height , the opening force can be expressed based on sealed pressure, fP , and asperity contact 
pressure, ContactP : 
∫∫ +=
ff A
Contact
A
fo dAPdAPF        (2.5) 
One of the main assumptions made here is that the sealed pressure enters in the sealing gap 
due to radial pressure gradient between pressurized fluid and the atmospheric pressure and 
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distributes itself such that the average value of the hydrostatic fluid pressure in the face gap 
is proportional to the sealed pressure. It means seal faces will quickly reach a point of 
equilibrium where the closing force will be balanced by the opening force. If the closing 
force was the only force acting on the seal faces, there would be little fluid film and the faces 
would run hot and eventually fail. Thus the total closing pressure has to be supported by the 
mean hydrostatic pressure in the sealing gap. The mean hydrostatic pressure is defined as 
the integral of the pressure drop factor, K, times the sealed fluid pressure, Pf, over the face 
sealing interface area, Equation (2.6). Pressure drop factor is discussed in next Section.  
∫=
fA
fhys dAPKP          (2.6) 
When the mean hydrostatic fluid pressure is not capable of supporting the closing force, the 
rest of load has to be supported by both hydrodynamic pressure and the direct asperity 
contact pressure. In general, the pressure within the sealing interface can be classified into 
hydrostatic and hydrodynamic pressure according to the generation mechanism, these 
concepts are discussed in Section 2.1.5. Thus the total opening force can be expressed as:  
∫∫∫ ++=
fff A
Contact
A
hyd
A
hyso dAPdAPdAPF       (2.7) 
2.1.4 Pressure Drop Factor 
The pressure drop (gradient) factor, K, is a function of the pressure profile at the sealing 
interface and its value greatly affects the contact pressure. Since the seal faces move relative 
to one another, the ratio of the inlet to outlet face opening changes. This is why the concept 
of pressure drop is arguably the most unpredictable parameter in Equation (2.6). Figure 2.4 
shows different K values for different pressure profiles at the sealing gap [1, 40]. As it is 
illustrated, in a divergent pressure profile the pressure distribution falls off rapidly while in 
a convergent distribution the pressure falls off slowly. 
(a) Linear (K=0.5)  (b) Convex (0.5<K<1)  (c) Concave (0<K<0.5) 
Figure 2.4 Pressure drop factor configurations 
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Linear pressure profile is approximately achieved when the faces are parallel and flat, the 
seal gap and geometry are axisymmetric, the pressure differential is low and the effects of 
compressibility are small. Depending on the design, under specific operating conditions of 
extreme temperature or pressure gradient, the seal faces often lose conformity and cease to 
run parallel [1].  
2.1.5 Hydrostatic Vs Hydrodynamic Pressure Distribution 
A lot of research has been carried out on the lubrication of mechanical seals during last 50 
years. As discussed in Section 2.1.3, the generation of fluid pressure between the seal faces 
can be divided into two main mechanisms: hydrostatic lubrication and hydrodynamic 
lubrication.  
In general, hydrostatic lubrication means that the pressure distribution in the sealing gap is 
derived from only the sealed pressure and does not directly depend on the relative motion of 
the seal rings. Several works have been published on the mechanism of hydrostatic pressure 
generation by e.g. [1, 41] and it is well understood. However, hydrodynamic lubrication of 
mechanical face seals is a difficult area and needs to be further investigated. 
Several mechanisms have been proposed by different researchers to describe hydrodynamic 
pressure distribution, an extensive literature survey has been given in [42, 43]. Theoretically 
Reynolds equation derived from the Navier-Stokes equations is applied to describe 
hydrodynamic pressure generation as detailed in [2]. It was also believed that surface 
topography in seal faces, pressure gradient, thermal distortion, viscosity wedge, asperity to 
asperity collision and micro asperity lubrication, as well as anti-rotation devices such as 
drive pins used in the seal design have an influence on how the hydrodynamic film develops 
between the sliding surfaces. 
Lebeck evaluated various proposed theories and confirms that the evidence of hydrodynamic 
load support is clear, however most of the previously proposed sources are inadequate to 
produce such load support [43]. He showed that residual waviness and misalignment which 
are the most important deviations from ideal parallelism of faces have the strongest effect 
on hydrodynamic fluid pressure [43]. The effect of surface texture is further discussed in 
section 2.3. 
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2.2 Tribology Concept 
Tribology is defined as the science of interacting surfaces in relative motion dealing with the 
technology of lubrication, control of friction and prevention of wear. The word itself was 
first used in England the 1960's and comes from the Greek word “tribos” meaning “to rub” 
and from the suffix, “ology” means “the study of” [44]. Science and technology of tribology 
provide industry with design tools for failure analysis and developing beneficial maintenance 
and monitoring schedules. An improvement in the engineering practice of tribology through 
better understanding of contact mechanics problem may involve savings in the millions of 
Pounds. Textbooks usually discuss the economic impact of tribology in their introductions, 
an extensive literature review is found in [45]. 
2.2.1 Mechanical Seal as a Tribosystem 
A mechanical seal is an assembly of a great number of systems in which surfaces operate 
under different lubricated conditions. The seal is made between the very smooth and flat 
faces of two annular rings, one is mounted on the shaft and rotates during operation and the 
other is mounted on the housing and is stationary. The structure of a typical mechanical seal 
is schematically shown in Figure 2.5. As illustrated, sealing interface is composed of two 
faces in relative motion which are interacting with each other under the lubricated 
conditions, therefore face seals can be considered as a tribosystem. 
 
Figure 2.5 Schematic illustration of mechanical seals as a tribosystem 
Rotating Shaft 
Housing 
Secondary seal 
Stationary ring 
Rotating ring 
Sealing interface 
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If the lubricant is not able to separate the mating faces, asperity contact takes place at the 
microscopic level, Figure 2.6.The severity of contact depends on the operational conditions 
such as load, sliding speed, temperature, type of lubricant as well as the surface roughness 
[46]. In time due to friction between the surface components, wear appears and changes the 
roughness and micro geometry which can finally result in the failure of the system. It should 
be immediately noted that the purpose of tribological studies in this research is to establish 
a scientific approach to predict friction state in mechanical seals based on acoustic emission 
measurements for the purpose of early failure detection in the operation of mechanical seals. 
 
Figure 2.6 Schematic illustration of asperity contact in the sealing interface 
2.2.2 Lubrication Regimes 
Lubrication is defined as “the application of a suitable lubricant between two surfaces in 
relative motion for the purpose of reducing friction and wear” [44]. The lubrication condition 
between the rotating and stationary rings can be classified as dry friction, boundary 
lubrication (BL), mixed lubrication (ML) and hydrodynamic lubrication (HL) depending on 
the operational conditions as shown in Figure 2.7. 
Before the fluid film is formed in the sealing gap, seal faces contact together. When the 
equipment starts to rotate, the sliding speed and film pressure is very low and the seal faces 
are not separated. Direct contact friction (dry friction) occurs between the faces where there 
is no lubrication film. In this case, there have serious friction losses, but small leakage.  
At low values of sliding speed, the load is completely carried by the interacting asperities of 
the contacting surfaces and this is called boundary lubrication regime. This lubrication mode 
is the unwanted operating regime for mechanical seals, because it generates excessive 
friction, wear, and quickly damages to the mating faces. During the seals’ operating life, 
they face boundary lubrication during start-up, shutdown, low excitation speed, weak 
Thin layer of sealed fluid Asperity contact 
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lubrication system and high sealed pressure conditions. In the boundary lubrication regime 
friction and wear are controlled by the protective layers built on top of the rubbing surfaces. 
(a) HL    (b) ML   (c) BL  
     Figure 2.7 Asperity level illustration of Lubrication regimes 
Under hydrodynamic or full film lubrication regime the faces do not contact each other and 
are fully separated by a fluid film due to hydrodynamic pressure build-up caused by 
rotational movement of mating faces. When the faces are hydro dynamically lubricated the 
load is transmitted by the lubricant and all shearing takes place in the fluid layers. 
Hydrodynamic lubrication maximizes seal life by eliminating wear caused by face contact 
during normal operation, but results in a higher leakage rate.  
The last lubrication regime is mixed lubrication regime in which the fluid pressure is not 
capable of fully separating the seal faces and asperity contact will occur. This regime is 
considered to be a transition regime between boundary and hydrodynamic lubrication 
regimes, and hence the load on the faces is carried by both the fluid film and the asperities.  
After his research on the bearing lubricity in 1900~1902, Stribeck was the first who 
masterfully reported the dependency of the coefficient of friction of a lubricated system as a 
function of rotational speed in the so-called Stribeck curve. In the generalized Stribeck curve, 
the coefficient of friction, f, is plotted as a function of operating parameters as schematically 
shown in Figure 2.8 
Asperity contact force 
Asperity contact force 
Shearing force in fluid Shearing force in fluid 
Asperity contact force 
Shearing force in fluid 
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Figure 2.8 Stribeck curve 
The horizontal axis in Figure 2.8 is referred to as the duty parameter, G, and the curve is also 
called f-G curve. The dimensionless duty parameter (analogues to the Sommerfeld parameter 
in bearing theory) characterizes the lubrication regime of face seals and usually is defined as 
the ratio of the viscosity force of the liquid film between the faces to the closing force as 
presented in Equation (2.8). 
cF
bVG η=          (2.8) 
where: 
η  is the dynamic viscosity of sealing fluid in [Pa.s] 
V  is the sliding velocity on the mean face diameter in [m/s] 
cF   is the net closing force acting on the seal in [N] 
b  is the width of the seal face in [m] 
The minimum point of the Stribeck curve is a tribologically meaningful reference point 
where the leakage, friction and wear are minimized. An optimum operational region for face 
seals would be around the transition from mixed to hydrodynamic lubrication regime (see 
Figure 2.8). Consequently, mechanical seals ideally work near the transition from mixed to 
Transition 
 
Boundary 
Lubrication 
Mixed 
Lubrication 
Hydrodynamic 
Lubrication 
Transition point 
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hydrodynamic lubrication regimes where friction values depend on many parameters such 
as roughness height, seal face material, contact load and so on so forth [2, 47]. 
Several researchers performed friction measurements to judge lubrication state of the sealing 
gap by duty parameter in order to establish the transitions between the different lubrication 
regions. For instance Wei et al. [9] used the duty parameter to judge the lubrication state of 
sealing gap (see Table 2.1) 
   Table 2.1 Duty parameter in different lubrication regimes 
 
 
 
 
 
In 1987, Lebeck plotted numerous friction measurements as a function of "duty parameter", 
Figure 2.9 [2]. To date most published work has shown that if the measured friction of a 
mechanical seal is presented as a function of the duty parameter, a typical Stribeck curve is 
obtained [47]. 
As shown in Figure 2.9, at low G-values a decreasing friction function is obtained 
corresponding to a mixed lubrication regime. This minimum value is reached after a certain 
threshold and then the friction starts rising with G, corresponding to viscosity drag in the 
hydrodynamic lubrication regime. In this thesis, new sources of friction will be introduced 
in Chapter 5 which may help to better explanation of friction rise under hydrodynamic 
lubrication regime. 
Although duty parameter well describes the tribological regime of mechanical seals, the 
common characteristic observed for most of f-G plots is that the transition from a 
hydrodynamic to mixed lubrication regime occurred at different G values. As illustrated in 
Figure 2.9, the difference between G values for minimum point of the curve is remarkable 
which makes the comparison between different tribological characteristics of the mating 
faces to be quite random and unreliable as has been reported in the literature [2, 47]. 
Tribological regime Duty parameter 
Hydrodynamic lubrication G >1×10-6 
Mixed lubrication 5×10-8< G <1×10-6 
Boundary lubrication 2×10-8< G <5×10-8 
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Figure 2.9 Stribeck curves obtained by different experiments [2] 
2.3 Measurement of Surface Characteristics 
As part from the tribology of the seal gap, surface metrology of face seals has an enormous 
influence on many important physical phenomena of sealing such as contact mechanics, 
friction, wear and seal life. To acquire low friction between seal faces, good surface 
roughness and flatness should be ensured. Typically the seal face is lapped to less than three 
helium light bands (slightly less than one micrometre) [48]. When the surfaces are not well 
lubricated, the faces tend to “stick” to each other. Then upon applying torque on the shaft, 
the stacked faces will make a sudden separation. This causes the actual rotating speed of the 
seal faces to fluctuate widely, that is called stick slip in tribology [49]. It may result in very 
severe vibration, which will damage the seal faces and cause excessive seal leakage 
indicating the importance of surface metrology on the reliable performance of mechanical 
seals.  
2.3.1 Geometrical Features 
Surface metrology refers to “the science of measuring small-scale geometrical features on 
surfaces: the topography of the surface” [50]. The geometrical features of a surface can be 
classified as  roughness, waviness and form as described extensively in the literature[51]. 
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Another widely used term in metrology, “surface texture”, refers to roughness and waviness 
features which are the deviations from the nominal surface with shorter wavelength than 
form error deviations. The typical surface texture of seal rings is a statistic distribution of 
micro scratches in all directions obtained by means of a lapping process. A shiny surface 
with a small roughness can be produced by lapping. However, where both seal rings are 
made of hard materials, one of the seal rings should have a dull finish to prevent the seal 
rings from sticking together during standstill. For a dull surface finish the running-in period 
may last several days [52]. 
The effects of surface texture on the lubricated contacts have been studied since 1991 [53]. 
During recent decades, several works have been published on the importance of surface 
roughness in mechanical seals, an extensive survey is found in the work of Mayer. E and 
B.S. Nau [54]. They report that in mechanical seals with parallel faces asperity contact 
normally exists and hence permeability of the interface to leakage is determined by the 
magnitude of the surface roughness.  
The most common method of characterizing roughness is by an average value of the profile 
variation over a reference length as shown in Figure 2.10. This is known as centre line 
average (CLA) or arithmetical average (AA) commonly expressed as aR . Centre line 
average is defined as the integral of the absolute value of the roughness profile height over 
the evaluation length based on Equation (2.9). It should be noted that the mean line is a 
datum line which allows the areas of the profile above and below it to be equal: 
dxxz
L
R
L
a ∫=
0
)(1         (2.9) 
Where: 
L is the sampling length 
Z(x) is the height of the surface profile from the mean line 
Another method of characterizing roughness is root mean square (RMS) roughness or qR . 
This parameter which is defined as the root mean square average of the roughness profile, 
Equation (2.10), ordinates plays an important role to characterize the contact of two 
engineering surfaces, see Section 5.5 
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2 )(1         (2.10) 
Figure 2.10 Illustration of a surface profile element [55] 
Waviness is another surface parameter which has strong effect on tribological behaviour of 
face seals. It is believed that the waviness has strongest effect on the hydrodynamic lift off 
generation at the sealing gap [43]. Seal faces contact lightly at wave peaks and fluid enters 
wave valleys to establish hydrodynamic lift pressure which leads to increase load support 
and reduce heat generation as schematically shown in Figure 2.11. This pressure increases 
the lubricating film thickness, resulting in a higher leakage rate, increase load support and 
reduce heat generation. The effect of waviness on the hydrodynamic pressure distribution is 
further discussed in [52].  
Figure 2.11 The effect of waviness on hydrodynamic pressure generation 
Same as roughness, waviness is characterized by some parameters. Total waviness height 
is the maximum peak to valley height of the levelled and filtered waviness profile from 
roughness, Figure 2.12 
Mean line 
 
 
Z 
X 
Wave valleys 
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Figure 2.12 Total waviness height representation 
2.3.2 Surface Roughness Considerations for Sealing Performance 
Mechanical face seals ideally operate at the transition point from mixed to hydrodynamic 
lubrication regime where hydrodynamic lubrication and asperity contact both occur, with an 
average surface distance as thin as a few tenths of a micron [56, 57]. Under these conditions 
surface roughness height has a great effect on the tribological behaviour of face seals such 
as friction and hydrodynamic lift-off. 
Since the effect of surface roughness on the formation of the lubricant film is complicated 
[54], analytical prediction of the mechanical seal performance is usually used to aid the 
design and troubleshooting of mechanical seals. Hence, the tribological behaviour of 
mechanical seals is modelled based on three different analytical approaches: deterministic, 
stochastic and multi scale approaches. 
In the stochastic approach the influence of surface roughness height on the lubrication state 
of sealing gap is related to statistical parameters using two different theories. The first 
hypothesis is calculating the pressure as a sum of the asperity contact pressure and 
hydrodynamic lift pressure. Second, the Reynolds equation with flow factors is solved to 
include the surface roughness effects. This method has been widely used, however since the 
roughness effect is averaged with stochastic approach, it is not possible to generate 
hydrodynamic lift off with nominally flat surfaces as occurred in mechanical seals [58].  
In the deterministic approach the surface texture is accurately described by a very fine mesh, 
which allows solving the regular Reynolds equation. Recently, Minet et al. used this 
approach to study mixed lubrication in mechanical seals [59]. They showed that surface 
roughness is able to generate a hydrodynamic lift-off above a velocity threshold to fully 
separate the surfaces even if they are nominally flat and parallel. In another work, Minet et.al 
have investigated the influence of working conditions in terms of friction and separation 
distance for different surface topographies [57]. Their model which is also able to produce 
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Stribeck curves demonstrates that transition from a mixed to hydrodynamic lubrication 
regime is surface dependent  
The main principle of the multi scale approach is to solve as accurately as possible problems 
in the macroscopic scale, while including the effect of the micro-scale parameters such as 
roughness. In 2012 Nyemeck et.al presents a multi scale approach for the numerical 
calculation of the pressure distribution in mechanical face seals under mixed lubrication 
condition [58]. They concluded that the macroscopic pressure provides comprehensive 
information explaining the roughness-induced pressure generation, which is not easily 
obtained with a full deterministic solution.  
2.4 Friction  
Friction is one of the most fundamental physical phenomena and is defined as the resistance 
to motion during sliding or rolling that is experienced when one solid body moves 
tangentially over another with which it is in contact [60]. Friction and contact affect the 
operation of many machines in daily life; examples range from brakes of the automobiles to 
the motion of the knee-joint [61]. Sometimes friction is useful, without friction walking is 
impossible, however usually it costs money in the form of energy dissipation. Recent 
research in the US states that 57.5% of all generated energy is not only wasted by transport 
losses, but also by friction losses [62].  
2.4.1 Friction Laws and Origin of Friction 
The history of the study of friction dates back to ancient times, Dowson and Tichy et.al 
present an entertaining history of the field that is summarized below [45, 63]. 
Our ancestors started to think about reducing friction by using wheels or lubricants, e.g. the 
earliest record of using wheels was from 3500 BC and the earliest record of using lubricant 
was in 1880 BC approximately, by the Egyptians. More than 1000 years later in 350 BC, 
Thermistius found that the friction for sliding is greater than that for rolling. This finding led 
to the understanding in modern terms that the static friction coefficient is greater than the 
kinetic coefficient of friction, however, the detailed scientific understanding was not set up 
then. 
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The pioneer work in the field of friction was conducted by Leonardo Da Vinci, a poly math 
(1452-1519), who for the first time proposed the concept of friction and specially introduced 
the idea that friction force is proportional to the normal load. Many years later Guillaume 
Amontons (1663–1705), a French scientist, presented a paper to the French academy and 
proposed the two well-known friction laws in 1699:  
The 1st friction law: Friction force is proportional to the normal force between the 
surfaces in contact. 
The 2nd friction law: Friction force is independent of the apparent contact area.  
In 1781, a French physicist, Charles-Augustin Coulomb summarized da Vinci and 
Amontons’s work and contributed the 3rd friction law. A short historical overview of 
Coulomb’s works is found in [64]. Coulomb’s law for dry friction states that the ratio of the 
friction force, fF , to the normal force acting on the surface,W , is constant. This constant is 
the coefficient of friction, f , given by [61] 
W
F
f f=           (2.11) 
It is worthy to note that the coulomb law of friction is usually not sufficient to describe the 
friction characteristics of lubricated systems. In many instances the behaviour of the 
lubricant film leads to a decreasing friction coefficient when the sliding speed is increased. 
That is why the Stribeck curve is so popular in tribological studies. On the other hand, in 
most dynamic systems contact parameters between two sliding surfaces continually change, 
and the normal contact force does not stay constant. As a result, friction force becomes time 
dependent and its estimate requires detailed measurements of the system response and an 
understanding of the system dynamics. 
Moreover,  some researchers have shown that the laws of friction are only approximately 
valid in evaluating the frictional state of mating surfaces and are not generally applicable for 
direct asperity contact in boundary lubrication condition [61, 65, 66]. The idea is held that 
Equation. (2.11) provides an extraordinarily simple phenomenological friction law, although 
the nature of the friction force is not well-understood. The friction force generated between 
the mating faces is the combined result of friction forces which are present in a very large 
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number of micro-scale asperity contacts and maybe affected by too many complicated 
mechanisms. 
However, most analyses of dynamic systems represent friction with a constant coefficient or 
with a function that depends on such parameters as sliding speed or infrequently temperature. 
The use of such phenomenological expressions gives acceptable results, particularly when 
modelling a continuous relative motion, as in rotating machinery [67]. 
Several works have confirmed that the laws of friction are applicable for a variety of 
combination of materials and operating conditions [68]. In recent years many researchers 
have investigated the origins of friction which can be attributed to different mechanisms 
such as formation and break-down of asperity junctions [69], ploughing of hard asperities 
over the softer surface [70], entrapment of hard wear particles [71] and adhesive force due 
to chemical reaction or inter-atomic diffusion [72]. 
2.4.2 Friction Components 
The chart in Figure 2.13 descries the processes by which kinetic energy of a relative motion 
converts into oscillations representing thermal energy that eventually dissipates to the 
surroundings. 
Figure 2.13 A description of energy path during friction [67] 
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During sliding contact part of the kinetic energy produces waves and oscillations in the 
bodies, and part of it leads to plastic and an elastic deformation of asperity tips. Some energy 
expends through viscous dissipation, and the balance through adhesion and fracture. 
Distribution of energy conversion through these processes varies for different applications. 
The same phenomenon occurs during passage of a sound wave in a solid when some of its 
energy converts to thermal energy [67]. 
A significant, but often overlooked, aspect of friction and the waves it causes relates to the 
feedback relationship between friction and the resulting structure-borne acoustic field. This 
interaction of vibration and friction at the continuum scale forms the basis for a feedback 
loop between friction and vibrations. Because friction is an intrinsic part of a dynamic 
system, accurate models to describe friction-excited vibrations must account for the coupling 
of system dynamics and the simultaneous development of friction during relative motion. 
One approach that combines system dynamics with the development of friction relates 
reactions at asperities to relative motion in terms of the elastic deformation of asperities [67], 
this is discussed in details in Section 5.5.  
2.4.3 Mechanical Seal’s Friction 
The friction of face seals is a key parameter in the working process of mechanical seals, and 
is also the most important factor to characterize the lubrication state at the sealing gap as 
discussed in Section 2.2.2. The frictional characteristics of face seals is used to predict their 
operating life, to decide sealing performance [9], frictional power lost, frictional heat 
generation, and temperature rise of the end faces [73].  
Frictional behaviour of the sealing gap is a complicated non-linear phenomenon that have 
been investigated during previous decades [74, 75] and is simply characterized by using the 
coefficient of friction. It has been reported that the friction factor of face gap changes from 
0.03 to 0.3 and generally it is found to be around 0.1 for most applications [76]. The 
coefficient of friction is generally computed based on measurements of heat generation and 
mechanical torque. A certain load is assumed and the friction factor is computed [77]. This 
method is extensively used in the literature. For instance, Yu et al. [78] have conducted an 
experimental research on the frictional characteristics of laser textured mechanical seals with 
a porous face by measuring the friction torque developed between the stationary and rotating 
ring, see Figure 2.14. They concluded that compared with the conventional mechanical seals, 
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the temperature rise and friction torque of the laser textured mechanical seals is much lower 
[78].  
 
 
 
 
 
 
 
 
 
Figure 2.14 Schematic representation of the rig to measure frictional torque [78] 
In 1981 Mayer, in his pioneering work [79], presented the friction factors of the different 
lubrication regimes which are listed in Table 2.2. This method is unlikely to be used to judge 
the lubrication state of a sealing gap due to significant amounts of data scatter that exists 
around the transition point as discussed in Section 2.2.2. Moreover, the fluctuations of 
friction state of the face gap have been observed by many previous studies on the sliding of 
mechanical seals  
       Table 2.2 Coefficient of friction in different lubrication regimes [79] 
 
 
 
 
Currently, theoretical calculation methods of friction factor at the sealing gap are mainly 
either analytical or the weighted average method [73]. Both of them divide friction into 
viscous shear friction of the lubricant film and contact friction of the asperities. However, 
using these methods the predicted results of friction factor have no uniqueness. Hence it is 
Tribological regime Friction factor 
Hydrodynamic Lubrication f <5×10-3 
Mixed Lubrication 5×10-3< f <3×10-2 
Boundary Lubrication     3×10-2< f <15×10-1 
Motor 
Rotating ring 
Stationary ring 
Torque meter 
Lubrication discharge 
Load 
Buffer bank 
Frequency convertor 
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necessary to develop the measurement systems that can produce reliable results on the 
frictional state of sealing gap. 
Recently Wei et al. established a friction factor fractal model based on asperity contact for 
mechanical seals which expresses the relationships among the friction factor and operating 
parameters, structural parameters, surface topography fractal parameters, material 
characteristic parameters and average temperature between the end faces [73]. Also, they 
mention that operating parameters have a great effect on the friction factor of the sealing gap 
for mechanical seals. The friction factor goes up with the increases of spring pressure when 
the end face is coarse (fractal dimension of the end face profile of the soft ring is smaller, 
and characteristic length scale of the end face profile of the soft ring is larger), and it 
decreased slightly with the increases of spring pressure when the end face is smoother. 
Friction factor increases with the decreases of sealed medium pressure, and which 
approximate linearly increase with the increases of rotating speed (Figure 2.15). 
Figure 2.15 The effect of seal working parameters on friction factor 
Tabor [80] lists the following three basic elements contributing to the dry friction of mating 
faces: (1) the real contact area between the sliding surfaces; (2) the type and the strength of 
the bond at the contact interface; and (3) the shearing and rupturing characteristics of the 
material in and around the contact regions. These basic elements can be strongly affected by 
various factors such as the presence of oxide films, the contact size of individual asperities, 
and temperature effects [80]. Thus it becomes important to study how the frictional 
behaviour and topographical properties of mating surfaces contribute to measurement of AE 
signals from the sealing gap. This will be discussed further in Chapter 5 where the elastic 
deformation of asperities is modelled. 
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2.5 Wear  
Wear is a system response and depends on the characteristics of the materials in contact 
(hardness, thermal conductivity), the environment (lubrication regimes, temperature, 
lubricant) and working conditions (sliding speed, contact pressure) [81]. In general, 
“Mechanical wear”, “chemical wear” and “thermal wear” are terms used to describe wear 
with scientific expressions. In this thesis the world wear only refers to mechanical wear.  
Wear is defined as progressive damage and material loss from interacting surfaces as a result 
of relative motion [82]. This phenomenon which is one of the reasons for mechanical seals 
failure (see Section 1.2), has far reaching economic consequences it involves not only the 
costs of replacement but also the expense involved in machine downtime and lost 
production. Statistics show that the cost of failures due to wear in industry is remarkable 
[83]. As a result, considerable efforts have been expended on the development of theories 
and deterministic models to predict wear rate of tribosystems. For Instance Meng and 
Ludema have identified nearly 200 wear equations involving an enormous spectrum of 
material properties and operating conditions [84], but even the best one has a very limited 
use [85]. Most of them cannot predict wear rate properly based only on material property 
data and contact information. The complexity of phenomenon and the large number of 
working parameters influencing the outcome are the primary reasons for this situation [86].  
The earliest contributions to the wear constitutive models were made by Holm (1946) as 
reported by Zmitrowicz [87]. Holm established a relationship for the volume of the material 
removed by wear based on sliding distance and related it to the true area of contact. In 1953 
J.F. Archard published an equation for the volume of wear of material, wV , which is now a 
common starting point in the analysis of wear and known as Archard law of wear, Equation 
(2.12). A comprehensive survey on Extensions of Archard's law of wear can be found in 
[87].  
s
H
FKV Nww ..=          (2.12) 
where: 
wV  is the total wear volume of the specific component in [mm3] 
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wK  is the dimensionless wear coefficient 
NF  is the normal load in [N] 
H is the hardness of the softer contact surface 
s  is sliding distance in [m] 
Minimizing the wear on seal faces is one of the main issues in the seal design. Typical 
mechanical seals have a ‘nose’ on the carbon or other ‘wearing’ face of approximately 3-
mm depth. In a low-viscosity liquid such as water, the typical wear rate of a standard design 
of conventional flat-face seal will be of the order of 0.25 μm per hour or less [4, 88]. 
The values for wear rates of metallic materials in sliding contact under different lubrication 
regimes are presented in the literature [89]. In the hydrodynamic lubrication regime, the 
separation between the surfaces is sufficient to prevent asperity contact, however it does not 
completely reduce the appearance of wear and is characterized by low values of wear rate. 
Depending on the lubricant properties in the boundary lubrication regime, the values for the 
wear rate increase. If the operational conditions become severe and sliding contact occurs 
between unlubricated surfaces, then the values of wear rate may become grater. 
It is relatively unusual for seals to continue to operate until the wear out life is achieved. 
They more usually will have suffered one of the random-event failures discussed in the 
Sections 1.2. Wear out can be considered to have occurred if the seal nose has worn to a very 
shallow height, from an initial 3 mm, and there is no indication of overheating or wear 
grooves. To achieve a longer seal life will usually require attention to the seal-face loading 
to prevent breakdown of the film [4].  
2.6 Wear Mechanisms 
Wear can be classified as a function of the physical mechanism which causes damage by 
material removal to three main categories i.e. adhesive wear, abrasive wear and fatigue wear. 
which are discussed in this section briefly, interested readers may refer to [49, 89] for more 
details.  
2.6.1 Adhesive Wear 
Adhesive wear occurs when the mating faces slide against each other due to misalignment 
or severe operational conditions [89]. Since the two faces contact at the asperity peaks, high 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
40 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
local friction causes high shear stresses at the points of contact. Due to micro scale size of 
asperities the local stresses can reach one or both of the materials’ yield stress very rapidly 
causing plastic deformation. This plastic deformation along with high local stress at contact 
locations may result in “cold welding” junctions and hence adhesion occurs between some 
of contact asperities.  
Wear particles are fractured and detached from one of the asperities in the welded junction 
and will either attach themselves to another asperity or become loose particles, the particles 
may transfer back and forth between two materials or come out of the rubbing area [49]. 
Adhesive wear which can lead to the lubricant’s breakdown is the most common wear mode 
in mechanical seals [89].  
2.6.2 Abrasive Wear 
Abrasive wear is a form of a face damage occurs where the asperity material is harder than 
the material surface or particles sliding on a softer surface and fracture at the interface. Two 
modes of abrasive wear may occur: two body abrasive wear and three body abrasive wear. 
The former can be understood in the situation that the asperities of the harder surface is hard 
enough to be considered as a cutting tool which removes the chip from softer material. The 
latter occurs when the harder surface is a third body, which is usually a small particle of 
abrasive or hard removed particles in the contact area, and is hard enough to scratch one or 
both of the faces [49, 89].  
2.6.3 Fatigue Wear 
The last type of wear, fatigue wear, is defined as a mechanism in which removal of wear 
particles detached by fatigue arising from cyclic stress fluctuations. The fatigue loading is 
originated from sliding at the sealing gap. The sliding can cause repeated loading and 
unloading cycles in certain areas of sealing gap as well as some asperities, which will induce 
the formation of cracks on the sliding surface or subsurface. Fatigue wear occurs when the 
number of cycles goes beyond the critical point, this may lead to initiation and propagation 
of subsurface cracks. The material in the crack area will break up into particles leaving small 
pits on the seal faces and resulting in a progressive loss of material [49, 89]. 
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2.7 Face Pressure-Velocity Product  
A rule of thumb factor in design of dynamic seals is the pressure-velocity product. This 
parameter is defined as the maximum PV value that the material of a mechanical seal can 
sustain before it degrades by frictional heating and excessive wear. The pressure-velocity 
product is characterized as the frictional power lost, fN , per unit area with a coefficient of 
friction of unity [90]  
f
f
A
N
PV =           (2.13) 
where fA  is the net hydraulic loaded face area. In mechanical seals pressure-velocity product 
is useful in estimating seal reliability when compared with limit values developed by 
manufacturers as a measure of adhesive wear. If a seal face operates beyond its PV limits, a 
seal may wear at a rate greater than desired and become non-uniform. Table 2.3 shows the 
comparison of seals’ PV duty limits of some typical materials with balanced and unbalanced 
structure [91]. The operating PV limits are much greater for balanced seal than unbalanced 
ones. Another example of such a table is found in [48, 92]. The PV limit of Silicon carbide 
against carbon (which is used in this research) is slightly more than Tungsten carbide against 
carbon, however in some researches their values are approximately considered as equal [93]. 
It should be noted that for different operational conditions (sealed pressure, speed, viscosity 
and face material combinations), tabulated values of tribological parameters such as 
coefficient of friction, duty parameter and pressure velocity product are less useful than 
might be expected. This is because mechanical seals operate most of the time in the 
hydrodynamic or mixed lubrication regimes. The mentioned parameters therefore vary with 
the many complex factors that determine hydrodynamic lift pressure in the sealing gap. 
Values also vary between seals because of interactions between design and material change 
face deformations [56]. For instance, a value of PV is sometimes quoted for a specified fluid 
at a specified temperature. These are not general constants and are useful means of 
comparing frictional state of sealing gap especially when tests are repeated under similar 
conditions.  
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Table 2.3 PV limits of material pairs [91] 
Face materials 
 
Water and Aqueous 
solutions.105(Pa m/s) Other fluids.10
5(Pa m/s) 
Unbalanced 
seals 
Balanced 
seals 
Unbalanced 
seals 
Balanced 
seals 
Stainless 
steel/Carbon 5.5 ¯ 30 ¯ 
Lead bronze/Carbon 23 ¯ 36 ¯ 
Stellite/Carbon 49 85 52 580 
Chrome 
oxide/Carbon 70 440 
¯ 
 ¯ 
Alumina 
ceramic/Carbon 36 250 88 420 
Tungsten 
carbide/Tungsten 
Carbide 
44 500 71 420 
Tungsten  
carbide/Carbon 70 700 88 1225 
2.8 Heat Transfer Consideration in Mechanical Seals 
In spite of the fact that the phenomena of transition from hydrodynamic lubrication to the 
mixed lubrication regime along with surface roughness effects have as much influence as 
frictional heating of the fluid film, the performance of a mechanical seals is greatly 
influenced by thermal effects [1]. The frictional heat is generated as the primary ring and 
mating ring slide against each other. Heat is also generated through viscous shear of the fluid 
film between the faces and around the rotating components. Zhu reports that there are at least 
three heat sources in a sealing system: interface friction, fluid churning at a high shaft speed 
and process fluid temperature [13]. For low viscosity fluids, most of the heat is generated by 
the rubbing of mating faces. In this case the coefficient of friction for the primary ring and 
mating ring pair determines the heat generation [77]. For viscous fluids there may be no 
direct contact of faces, but viscous shearing may generate about the same amount of heat as 
rubbing. An important difference is that the wear rate is likely to be much greater when low 
viscosity fluids are between the seal faces [76]. In his book [1], Lebeck described the basic 
nature of the thermal system for a seal as shown in Figure 2.16. 
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Figure 2.16 Heat Generation in a Mechanical Seal [1] 
Both conduction and convection heat transfer mechanisms are significant. The major part of 
the heat generated flows from the mating faces of the seal rings and then immediately out to 
the surrounding fluid by convection [77]. Some of the heat passes through other parts of the 
seal and may exit through the shaft or out the housing.  
Since the heat transfer in mechanical seals is a complex problem which involves many 
parameters, a lot of simulation work has been reported in recent decades. For instance, Zhu 
conducted a comparative computer based model for simulating mechanical seal operation 
[13]. He coded his model into a mechanical seal package CSTEDYSM which is a personal 
computer based software developed by John Crane EMA. He reported that the temperature 
distribution is non-uniform, predominantly in the radial and axial directions leads to radial 
tapering. 
In 2009, Brunetière and Modolo studied both numerically and experimentally the heat 
transfer phenomena in mechanical face seals [94]. Their Test rig was designed to validate 
numerical models of the frictional behaviour through infrared temperature measurements 
and was thus quite different from industrial mechanical face seals. They performed the 
simulations by means of the computational fluid dynamic code (CFD) in Fluent and 
modelled the heat produced in the sealing interface by a uniform volumetric heat source 
being applied in a thin solid layer between the rotating ring and the stationary ring. The main 
conclusions drawn from their research are follows: 
a. The temperature has the maximal value in the contact area between the stationary 
and rotating ring. 
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b. The temperature in the solids decreases progressively as the distance from the heat 
source rises and appears to be uniform in the fluid (oil). 
c. The thermally influenced zone has a length of approximately twice the contact width 
(i.e. the difference in contact radius) on either side of the sealing interface.  
To date most published work, Z Liu et al. carried out the simulation of mechanical seal with 
ANSYS finite element method [95]. They mainly investigated the influence of sealed fluid 
pressure (water) and rotational speed of shaft on the mechanical seal performance. They 
pointed out that local contact situation of the mechanical seals is closed to the outside edge 
of the sealing gap, and both maximum contact pressure and temperature are too, Figure 2.17.  
 
 
 
 
(a) Contact pressure     (b) Temperature 
Figure 2.17 Predicted contact pressure and temperature distribution[95] 
The Frictional effects tend to have a pronounced influence on the performance and reliability 
of mechanical seals. Frictional heat changes not only the seal geometry but also the fluid 
viscosity [96], consequently the lubrication conditions are modified because of fluid 
viscosity variation and thermal distortions of the seal rings and cause gaps which can 
increase the leakage rate. It can also cause material changes that can significantly increase 
the seal face wear rate.  
Furthermore, sealed fluids may vaporise at higher temperatures. Evaporation of fluid film 
from the sealing gap (dry running) is one of the main failure causes of mechanical seals as 
discussed in Section 1.2. Frictional heat may have different consequences on tribological 
behaviour of mechanical seals. The most important are summarized in Table 2.4. 
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Table 2.4 Thermal effects on sealing gap 
2.9 Seal Face Materials 
The seal faces are the most critical part of a mechanical seal assembly; the main requirements 
are tribological. High quality seal face materials are necessary for industrial applications, in 
order to withstand rubbing against each other at different combinations of operating 
parameters (i.e. sealed fluid pressure, rotational speed and viscosity). Moreover, the seal 
rings are exposed to chemical attack by a wide range of fluids during their service life. The 
structural behaviour of seal components also plays a crucial role in determining performance. 
This is because of the extremely thin lubricating film in the sealing gap, the thickness being 
typically in the range 0.1-1.0µm [56, 57]. Thus any deflection at this size of scale directly 
affect the reliability and performance of seal.  
When seal rings contact each other, the tribological characteristics of the face material 
combination determine survival or failure of the seal. Proper mating face materials must be 
matched so that excessive heat is not generated from the relative sliding motion of the seal 
faces. The best seal face materials have low friction, high hardness differences, not soluble 
in each other, good corrosion resistance, good bearing properties, good machining ability 
and high thermal conductivity[49, 97]. Table 2.5 lists some examples of thermal 
conductivities and some other properties of seal face materials [77]. 
Thermal effect Consequence(s) Cause(s) 
Thermally induced radial 
taper 
The hotter face expands 
more than the colder one 
large change of average 
temperature across the radial 
dimension 
Thermally induced 
waviness 
Variable expansion of the 
same end face at different 
spots 
Circumferential variation in 
temperature 
Heat checking Multiple radial cracks on one of the seal faces 
Poor liquid lubrication, high 
speeds, high loads, and the use 
of certain materials 
Hot spotting 
Some regions of an 
interface that develop a 
much higher temperature 
than the average 
Thermo elastic instabilities 
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Table 2.5 Typical Properties of seal face materials 
Typical property 316SS Carbon Graphite 
Tungsten 
Carbide 
Silicon 
Carbide 
Modulus of elasticity, 
Pa×  109 (Mpsi) 193 (28) 20.7 (3) 586 (85) 414 (60) 
Compressive strength, 
MPa (Kpsi) 207 (30) 207 (30) 4483 (650) 462 (67) 
Tensile strength, MPa 
(Kpsi) 207 (30) 483 (7) 1380 (200) 310 (45) 
Coefficient of 
expansion, m/m 0K 
×106 
(in/in 0F × 106) 
16 (8.9) 4.5 (2.5) 6.1 (3.4) 4.5 (2.5) 
Thermal conductivity, 
W/mK (BTU/hr ft 0F) 16.2(9.4) 8.7 (5) 86.5 (50) 138.4 (80) 
Hardness (Vickers)  155 
40-100 
(Depends 
on 
percentage 
of Carbon) 
Approximately 
2600 
Approximately 
2800 
It has been shown that a mechanical face seal with some design or manufacturing errors but 
made from a good material has often longer life than one made from a worst material but 
with no errors of any kind [16]. Material pairs used in face seal combinations are usually 
different in order to maintain an optimum operation result in terms of friction and wear. The 
selection of the material pairs for modern mechanical seals is made according to the 
following considerations [49]: 
a. A soft material and a hard material referred to as “hard face” and “soft face” are often 
used. The hardness difference between two materials is usually 20%. The softer 
material is worn by the harder one.  
b. Low friction coefficient between rotating material and stationary material is needed 
to decrease the heat generation at the interface and thus reduce thermal expansion. 
c. The two materials should have high modulus of elasticity difference so that the stiffer 
material will be able to run into the softer one to make good sealing. 
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Wide varieties of materials are used as seal face materials in practice. An extensive survey 
can be found in [98]. Nowadays metals and metal alloys, metallic-ceramic materials and 
metallic carbides are used for face seals. For “hard faces” plain stainless steel, lead bronze, 
Ni-resist to tungsten carbide and silicon carbide are usually used. The counter-face materials 
are mostly made of carbon composites with metal or resin filler normally referred as carbon.  
A carbon seal face run against a hard face has proven to be the optimal face combination for 
many industrial applications [16]. For instance, silicon carbide when paired with carbon 
offers the lowest coefficient of dry friction of any face material combination. Because of this 
silicon carbide will generate less heat and the heat that it does generate will be conducted 
away more quickly. These characteristics of silicon carbide makes it to be one of the most 
widely used mechanical seal face materials. Sometimes metal alloys (such as stainless steel 
and Ni-resist cast iron) are selected to run against carbon to reduce the manufacture cost. 
However, compared with carbides metal alloys have poor tribological properties.  
2.10 Main Findings 
The design parameters which influence the tribological behaviour of mechanical seals are 
geometrical features of the sealing gap, balance ratio and pressure drop factor. These 
parameters along with the force equilibrium on the face gap determines the frictional state 
of mechanical seals. The tribological behaviour of mechanical seals is usually characterized 
by dimensionless parameters such as the coefficient of friction or duty parameter.  
Since mechanical seals are applied under a wide variety of working conditions, the 
lubrication condition of sealing gap is modified because of fluid viscosity variation that may 
lead to the increase of the wear and leakage rate. Furthermore, sealed fluids may vaporise at 
higher temperatures and lead to dry running that is one of the main failure causes of 
mechanical seals.  
To overcome this situation, the best seal face materials have low friction, high difference of 
hardness between the faces, good corrosion resistance and high heat conductivity. The 
selection of the material pairs for modern mechanical seals should include “hard face” and 
“soft face” combination. Silicon carbide as the hard face when paired with carbon offers the 
lowest coefficient of dry friction of any face material combination. 
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Chapter Three; 
3 Acoustic Emission Technology 
 
In this chapter the history of acoustic emission and its applications for condition monitoring 
of rotating machines are first presented. The chapter also includes general description of 
the acoustic emission technology used in the present investigation. The details of the acoustic 
emission measurement installation and the technical data of the measurement devices are 
given in chapter 6. This is next followed by a general discussion on the propagation modes 
of stress waves under different boundary conditions which mathematically show the 
complexity of the acoustic emission phenomenon. Finally, the characteristics of acoustic 
emission waves in real measurement highlighting the attenuation and distortion of wave-
form are presented. Full understanding of these characteristics is necessary for successful 
condition monitoring of mechanical seals. 
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3.1 History and Background of Acoustic Emission 
From the beginning of humankind, people were observing acoustic emission when they 
heard cracking of stones, fracturing of bones, crackling of wood in the fire and so on so forth. 
The first documented observation of the phenomenon which later came to be called acoustic 
emission was made by an Iranian philosophe and chemist, Jabir ibn Hayyan (721-815 A.D), 
which was published in Latin in the year 1545. Jabir wrote that tin gives off a "harsh sound" 
or "crashing noise "and" iron "sounds much" during forging [99]. This "sound" probably 
comes from twinning of pure tin during plastic deformation and martensitic transformation 
during forging process of iron which are nowadays considered as the important source of 
acoustic emission in metallurgy and metal forming. A survey on the history of the subject 
can be found in [100, 101].  
In 1936 Friedrich Forster, German scientist, was the first who measured the acoustic 
emission phenomena that occurred during martensitic transformations in steel through very 
small voltage changes owing to resistance fluctuations [102]. However, AE began to be more 
investigated thoroughly in the middle of the 20th Century. 
In the period of 1950-1967, significant improvements were made in researches regarding the 
fundamentals of acoustic emission phenomena and studying of acoustic emission behaviour 
during deformation of different materials. At the beginning of this period, Joseph Kaiser 
published his Doctoral dissertation on his investigations on different engineering materials 
which is considered the genesis of current acoustic emission technology [103]. He 
discovered the irreversibility phenomenon of acoustic emission which is simply about the 
effect of the absence of acoustic emission in materials under stress levels below those 
previously applied on that material. This effect is nowadays known as the Kaiser effect and 
is one of the basic phenomena of acoustic emission. Kaiser presented also the division of the 
acoustic emission into two parts: continuous emission and burst emission (see Section 3.3.1). 
Another major effort in the acoustic emission research area was introduced by Bradford 
Schofield (in the U.S, 1954) consists of basic reports published entitled "Acoustic Emission 
under Applied Stress" [104]. In the 1960s the level of research activity in this area become 
so high that international AE symposia were held all over the world [105].  
In 1963 Harold L. Dunegan started a comprehensive research on AE which directly 
influenced the inception of major efforts in acoustic emission research in the U.S, 
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particularly at a number of U.S. atomic energy commission facilities as Purarjomandlangrudi 
and Nourbakhsh reported [101]. Several other research projects have been carried out during 
this period which accelerated work throughout the world.  
In the 1960s, in parallel, in different countries the use of AE technology for practical non-
destructive testing was proposed. For instance, acoustic emission techniques drew a great 
deal of attention for the inspection of pressure vessels in the U.S [105]. Consequently the 
golden age of acoustic emission was initiated in the late 1960s by organizing the acoustic 
emission working groups and continued to the decade of the 1970s. One of the major areas 
of research followed during this period was the study of dislocations being the source of 
acoustic emission [101]. 
The third stage in development of acoustic emission can be considered from (1980-present) 
[101]. During this period, acoustic emission technologies have been developed for new fields 
of application. In this stage the waveform-based analysis has produced a revolution in signal 
analysis, source characterization and source location [106]. It has been claimed that the first 
result obtained with scientifically planned acoustic emission experiment was published by 
T. F. Drouillard during this period [107], he reported the creaking of timber before breaking. 
Today the application of acoustic emission is vast in research and industry especially in the 
area of condition monitoring of rotating machines which is very well documented and will 
be discussed briefly in next section. 
3.2 Application of AE Condition Monitoring to Rotating Machines 
Application of acoustic emission technique to condition monitoring of rotating machines 
started in the late 1960s [108], where AE is a term used for transient elastic waves generated 
due to a rapid release of strain energy caused by the interaction of two media (i.e. the 
interaction of surface asperities) in relative motion. Tan. I et al. reported that impacting, 
cyclic fatigue, frictional wear, cavitation, leakage and dry running are the important sources 
of acoustic emission in rotating machines [109]. Today the application of acoustic emission 
in the area of condition monitoring of rotating machines is very well established. While 
vibration monitoring, the traditional technique for rotating machines fault detection, 
measures the response of the structure to the developing fault (e.g. a change in surface 
roughness, clearance reduction or developing spall), AE sensors measure the actual 
degradation mechanism itself. Therefore it is not surprising that literature extensively reports 
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acoustic emission as offering superior early detection capabilities over vibration analysis for 
monitoring the condition of rotating machines [36]. 
Acoustic emission condition monitoring of mechanical seals has been discussed briefly in 
Section 1.3.2 and will be discussed extensively in next chapter. Here, the application of AE 
measurements for the purpose of condition monitoring of other rotating machines is briefly 
outlined. 
3.2.1 Rolling Element Bearings 
The impact of inner and outer races in the rolling action of the bearing elements and sliding 
between damaged mating surfaces within the bearing generates various failure modes such 
as flaking, fluting, pitting, and seizures. A lot of researches has been reported on the detection 
of both localized and distributed defects in rolling element bearings, the former has drawn 
the attention of a great number of researchers. From a literature review carried out by Tandon 
and Choudhury on the vibration and acoustic measurement techniques for the detection of 
defects in rolling element bearings, it is concluded that the emphasis is on vibration 
measurement methods [110]. 
Acoustic emission measurements have also been used successfully for detecting defects in 
rolling element bearings. Some studies indicate that these measurements are better than 
vibration measurements. For instance to monitor the outer race defects, acoustic emission 
has proved to be more effective than vibration especially in low bearing speeds (less than 
100 rpm) where the transmitted vibration energy is too small for successful detection [111]. 
Furthermore, because of the sensitivity of acoustic emission to surface roughness, 
researchers have found that even the lengths of the outer race defect can be estimated from 
AE measurements [112].  
The same overwhelming success has not been reported for inner race defect detection. This 
is probably because of the complex and continuously varying transmission path between the 
inner race defect and sensors mounted on the bearing casing [36]. 
3.2.2 Journal Bearings 
Since vibration responses are well related to asperity contact [113] as well as viscous friction 
effects [113], vibration monitoring can be considered as an effective tool to detect internal 
surface defects in journal bearings. However, most of the works reported in this area are 
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directed to novel signal processing algorithms rather than discussing the effect of vibration 
sources. The application of high frequency AE measurements for monitoring the condition 
of journal bearings has been extensively reported in the literature. The research in this area 
include identification of lubrication regimes [38], investigation of the effect of working 
parameters (e.g. load, rotational speed and viscosity) [114, 115] and fault detection in journal 
bearings [113].  
The location of acoustic emission sensors is one of the common challenges associated with 
the monitoring of journal bearings to capture the signals whilst reducing background noises 
such as electromagnetic and fluid flow noises as well as from rotational movement of the 
drive shaft. 
3.2.3 Gearboxes 
AE technique seems superior in detecting faults (e.g. tooth pitting and cracking) in the earlier 
stages and giving significant indications to the monitored parameters, something that was 
not observed for the vibration monitoring or wear debris analysis of gearboxes [116-118]. 
Previous researches indicate that, as a disadvantage of acoustic emission technique, under 
non-isothermal conditions acoustic emission features are also affected by load and speed 
which may complicate diagnosis in an industrial environment. These features do not change 
when temperature is kept constant [36, 119]. Another major conclusion drawn from the 
literature is the difficulty of mounting the AE sensor close to the source of the signal. 
Attenuation of acoustic emission signal (see Section 3.6.1) in a gearbox is significant due to 
a large number of sound interfaces which attenuate the energy of acoustic emission waves 
[120]. The situation may get worse by different transmission paths travelled by the signal to 
the detector. 
3.3 Principals of AE Testing 
All materials can be compressed or strained under external loading. The higher the 
deformation the higher is the energy released during the loading and releasing process. This 
rapid release of transient energy which may be observed both in highly elastic as well as 
brittle materials is called acoustic emission. AE is structure-borne and fluid-borne waves 
generated by the release of strain energy in the widest range of natural events, from seismic 
events which are the largest-scale acoustic emissions to the microstructural changes that 
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occur in a material. The latter one is like an earthquake at the acoustic emission source but 
in microscopic dimensions. The waves generated are in the ultrasonic range between 20 kHz 
and 1 MHz. 
The instabilities or the source mechanisms of acoustic emission are mainly divided into 
material sources and pseudo sources [121]. Crack formation and extension, dislocation 
movement and phase transformation are examples of the first type, while pseudo sources 
include phenomena such as leakage [122, 123], mechanical impact [124], turbulent fluid 
flow and fluid cavitation [125, 126], wear and friction [127, 128]. 
The high frequency acoustic emission waves propagate through the solid and on the surface 
in all directions. When the stress waves reach to the surface of the material, the vibration 
and displacement of these waves is measured and converted into electrical AE signal using 
an acoustic emission sensor as shown in Figure 3.1. The amplitude (and consequently, the 
energy) of the stress pulse generated can vary drastically depending on the nature of the 
acoustic emission source and the dynamics of the source process [129]. 
Figure 3.1 Principles of AE wave propagation 
The AE system processes the recorded signal, converts it into featured data and displays 
them graphically and numerically in real time. Real time monitoring has a unique advantage 
and is one of the main reasons for this technique to come in to the forefront of condition 
monitoring of rotating machines. Real time analysis of the recorded signal can provide 
continues information about the nature of the source and permits on line condition 
monitoring. AE differs from most other non-destructive testing methods (NDT) methods in 
two major respects. First, the signal has its origin in the material itself, not in an external 
source, as in radiographic or ultrasonic testing. Second, Acoustic emission is a dynamic test 
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method which detects existing geometrical discontinuities and provides a response to 
discontinuity growth under imposed structural stress. This ability is in contrast to other NDT 
methods which depend on prior knowledge of the location and orientation of the 
discontinuity to direct a beam of energy on a path that will properly intersect the area of 
interest [130].  
3.3.1 Transient vs. Continuous AE Signal  
The sources of acoustic emission signal can have widely varying characteristics due to 
significant differences in the source signal. Basically, an acoustic emission signal can be 
classified into: 
a. Transient signal (bursts): these signals have definite start and end points deviating 
clearly from background noise, Figure 3.2 (a). This type of acoustic emission signal 
rises very quickly and decays slowly which is useful in industrial applications such 
as monitoring large pressure vessels where this type of signal indicate crack growth 
leading to facture. 
b. Continuous signal: If there is a high rate of occurrence, the individual burst-type 
signals interfere with each other to form a continuous emission. Continuous waves 
are produced by rapidly repeated processes such as machine vibrations, fluid flow 
and continuous friction between surfaces. Monitoring of continuous acoustic 
emissions can be used to control the operation of machines such as in on line 
condition monitoring of rotating machines. Continuous signals have varying 
amplitudes and frequencies but never end as shown in Figure 3.2 (b). 
(a)Transient signal     (b) Continuous signal 
Figure 3.2 Different types of AE signal 
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It should be noted that continuous emissions produced for instance in rotating bearings show 
very different signal characteristics when compared to burst signals caused by the 
spontaneous release of energy during cracking [131]. Since the AE signal in rotating 
machines is often a mixed type between transient and continues emissions, it is necessary to 
identify the source of burst type and continuous type of AE signal in a system before 
interpreting and analysing the signal [132].  
3.3.2 AE Signal Measurement Parameters  
The signal features that are commonly used to characterize the acoustic emission source 
mechanisms are briefly described in this section. It should be noted that in Figure 3.3 features 
are indicated based on the number reference in the following discussion. 
Figure 3.3 Definitions of AE signal parameters 
1. Hit: A hit is defined as the detection and measurement of an individual acoustic 
emission signal on an individual sensor channel. This parameter can be used to 
quantify an acoustic emission activity. 
2. Event: An event is defined as a local material change giving rise to acoustic 
emission, a single event may result in multiple hits (at one or more sensors).  
3. Threshold level: AE condition monitoring is usually carried out in the presence of 
background noise. Hence, a threshold detection level is set slightly above this 
background level and serves as a reference for several of the simple waveform 
features. The threshold level may be user-adjustable, fixed, or automatically floating 
3. Threshold 
4. Amplitude 
5. Count 
6. Duration 
7. Rise time 
8. Energy 
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and is defined as the voltage level on an electronic comparator such that signals with 
amplitudes larger than this level are recognized.  
4. Signal amplitude: is defined as the magnitude of the peak voltage of the largest 
excursion attained by the signal waveform from a single emission event. This is very 
important parameter because it directly determines the detectability of the AE event. 
AE amplitudes are directly related to the magnitude of the source event and they vary 
over a wide range from micro-volts to volts. The amplitudes of AE signals are 
customarily expressed on a decibel scale in which 1 µV at the transducer is defined 
as 0 dB, 10 µV as 20 dB, 100 µV as 40 dB and so on. Recently the amplitude of AE 
signal has been used to distinguish different wear mechanisms [133]. 
5. Count: is defined as the number of times the AE signal exceeds a present threshold 
during any selected portion of a test and sometimes is called ring-down. This 
parameter has been used in some previous tribological studies. For instance Lingard 
et al used the AE count rate (count rate denotes the number of counts per unit time) 
to indicate the variation of friction coefficient in different lubrication regimes [134]. 
In another study, Hase et al reported that AE count rate is proportional to the surface 
damage at a friction interface [135]. 
6. Signal duration: It is the length of the first and the last time the detection threshold 
was exceeded by a burst signal, or in a simpler way it can be defined as the time 
interval between AE signal start and end. Duration is measured in microseconds. It 
is valuable for noise filtering and other type of signal qualification. 
7. Signal rise time: is defined as the time interval between AE signal start and the 
maximum peak amplitude of that AE burst signal.  
8. Signal energy: Energy of the signal is another parameter that conveys information 
about the strength of AE source. Various ways of expressing energy exist such as the 
area under the amplitude curve, root mean square (RMS) value of AE signal (see 
Section 4.3.1) and etc. Energy as the measured area under the rectified signal 
envelope is preferred over AE counts because it is sensitive to amplitude as well as 
duration. Moreover, energy is less dependent on the threshold setting and operating 
frequency.  
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In modern AE systems these parameters are known as feature data and are captured by signal 
processing software. This is achieved by extracting the value of these parameters from 
waveform data. AE signals can be analysed by correlating one feature to the others or to 
other parameters such as load, rotational speed or time. 
3.4 AE Sensor Considerations 
The process of acoustic emission condition monitoring is made possible using an appropriate 
AE sensor and data acquisition system. When the AE elastic waves reach the surface at a 
frequency in the approximate range of 100 kHz to 1.2 MHz, dynamic elevations at the 
surface of material occur in the nanometre range which are detected by sensitive AE sensor. 
Then the detected mechanical motion is converted into electrical signals.  
The majority of all commercially available AE sensors use piezoelectric elements. AE 
piezoelectric sensors have proven to be sufficiently sensitive and robust to be used in a 
variety of environments. The piezoelectric transducers are made by using a special ceramic 
(PZT) that provide the best combination of low cost, high sensitivity, ease of handling and 
selective frequency responses, Figure 3.4. 
Figure 3.4 Schematic view of a piezoelectric sensor 
AE sensors can be divided into two groups: Broadband sensors and resonant sensors. As the 
name suggests, resonant sensors detect signals are recorded in the frequency range where 
they are very sensitive. Broadband sensors are highly damped sensors which are operated 
outside their resonance frequencies allowing a broadband detection (up to 1–2 MHz). Since 
the acoustic emission frequency depends on the material involved, broadband sensors ideally 
respond with similar sensitivity to all frequencies in this range. Therefore broadband sensors 
are usually applied for collecting AE signals from rotating machines [36]. 
 
Lid Internal pre amplifier 
Case 
PZT element 
Connector 
AE excites the PZT 
Lid 
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3.4.1 Sensor and System Response  
The AE signals measured at the sensor is indirect and is influenced by many factors. To gain 
understanding of sensor and system response, it is beneficial to formulate the system 
response by a linear system as shown in Figure 3.5. 
Figure 3.5 AE detection system [131] 
The above system can be presented mathematically as shown in Figure 3.6. 
 
 
Figure 3.6 A linear system[131]. 
The AE detection system presented above is characterised by Equation (3.1) as following: 
[ ])()( tfLtg =          (3.1) 
As discussed in [131], using Dirac's delta function )(tδ , Equation. (3.1) becomes (The 
symbol * represents the convolution): 
[ ] )]([*)()(*)()( tLtfttfLtg δδ ==      (3.2) 
The function )]([ tL δ  is the response of the system due to the input of the delta function. 
Setting )]([ tL δ  as )(tw and using the convolution integral it is possible to show that [131]: 
)()()( fWfFfG =         (3.3) 
Here )( fG , )( fF and )( fW  are Fourier transforms of )(tg , )(tf and )(tw , 
respectively. )(tw and )( fW are named the transfer function and the function of frequency 
response respectively. The signals measured using acoustic emission sensor are very weak 
and have to be amplified to be detected and recorded. All of these influences can be assigned 
f (t) L [ ]  g (t) 
AE sensor Pre-Amplifier Main-Amplifier Band-Pass Filter 
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by different transfer functions as can be found in [131]. Consequently, the recorded acoustic 
emission signal )(ta can be mathematically represented as  
)()()()()( tftwtwtwta af ∗∗∗=        (3.4) 
where )(twf  and )(twa  are transfer functions of the filter and the amplifiers respectively. 
The frequency response of both the filter, )( fwf , and the amplifier, )( fwa , are known to be 
fairly flat or almost constant in the frequency domain. As a result, it is found that the 
frequency response, )( fW , or the transfer function , )(tw , of AE sensor significantly affects 
the frequency contents of AE signals. 
3.4.2 Calibration  
It would be always useful to confirm the condition of the measurement devices from the 
point of view of sensitivity, repeatability and accuracy which is technically called 
calibration. As defined by the British standard number BS EN 45003, calibration is "a set of 
operations that establish, under specified conditions, the relationship between values of 
quantities indicated by a measuring instrument or measuring system, or values represented 
by a material measure or a reference material, and the corresponding values realized by 
standards”[136]. Based on the understandings from Section 3.4.1, the calibration of AE 
sensor means quantitative estimation of the frequency response )( fW or the transfer function 
)(tw of the sensor. 
AE Sensors are tested by accredited laboratories to recognized international standards and 
are initially supplied with their frequency response curves [36]. As an example figure 3.7 
shows how sensor sensitivity varies with frequency [131]. Two different types of AE sensors 
are presented. Although both sensors respond irregularly, the sensitivity of the broadband 
type is lower than that of the resonant type. This fact is so general that selection of AE 
sensors should be based on either the sensitivity (resonance type) or the flat frequency 
response (broadband type) [131]. These curves are of high importance in practical AE 
applications. For a given sensor type, the calibration curves of the individual sensors should 
be closely matched. The shapes of these curve is of the characteristics of the sensor type and 
vary widely in their sensitivity and frequency response. 
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(a) Broadband type      (b) Resonance type 
Figure 3.7 Calibration curves of commercial AE sensors [131]. 
In this research the absolute values of the acoustic emission activity were not under 
examination, more over the sensors have been calibrated initially at the manufacturer 
company. Hence there was not a need to calibrate the sensors again. 
However, the condition of the AE sensors can be always confirmed by testing the 
measurement chain before and after measurements. The test method is the simple "Pencil 
Lead Break" method according to the ASTM standard number E 976-84. In the method a 
pencil lead is broken against the surface where the sensor is mounted. The breaking generates 
an acoustic emission burst signal for testing the measurement chain. The lead is supported 
by a special guide ring during fracture, as shown schematically in Figure 3.8. This method 
can provide a way of characterizing a sensor reproducibly and discriminatingly that is low 
cost, and provides a very simple calibration [99].  
     Figure 3.8 AE "Pencil Lead Break" method [99]. 
Frequency (MHz) 
  
Frequency (MHz) 
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3.5 Propagation of Stress Waves 
The propagation of ultrasonic waves in bounded elastic solids is very complex (see e.g. 
[132]) and beyond full consideration in this thesis. In general, the term “wave propagation” 
illustrates the propagation of waves through gaseous, liquid, and solid mediums and the term 
“elastic wave propagation” which is usually used to define AE wave form (see Section 3.2) 
implies that stresses in the solid obey Hooke’s law. The wave particle directions in a 
propagating wave depend on the boundaries of the medium, and here is discussed briefly. 
For a homogeneous isotropic elastic solid the differential equation of motion in terms of 
displacements is expressed as [137, 138]:  
XFXX bLL ρρµµλ =+∇+∇∇+
2.)(      (3.5) 
Where X is the displacement vector of a material point. The mass density per unit volume of 
the material is ρ and bF  is the body force per unit mass of material. The elastic constants for 
the material are the lambda elastic constants λ and rigidity modulus Lµ , which maybe 
expressed in terms of the other elastic constants [99]. 
3.5.1 Waves in Infinite (Unbounded) Medium 
To investigate the conditions under which plane waves may propagate in an infinite elastic 
solid, a plane wave can be expressed by [137, 138]: 
)(ϕfAX ii =          (3.6) 
Where iA  denotes the amplitude of particle displacement along the plane of the wave and φ 
denotes the phase which is equal to 
ctxn ii −=ϕ          (3.7) 
where in and c  denotes the wave normal and phase velocity respectively as shown in 
Figure 3.9 
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Figure 3.9 Plane wave propagating in three dimensions. 
Substituting Equation (3.6) into tensor form of the Equations (3.5) (with body forces zero), 
three homogeneous equations in the amplitude components Al, A2 and A3 is obtained (see 
[137] for discussion and proof).  Upon expanding the determinant of the coefficients, there 
results: 
0))(2( 22 =−−+ cc LL ρµρµλ       (3.8) 
Which has two roots: 
ρ
µ
ρ
µλ LL cc =+= 21 ,
2
       (3.9) 
Equations (3.9) indicates two different types of propagation models for the plane waves: the 
longitudinal plane wave, Figure 3.10 (a), which travels with velocity C1 and the shear or 
transverse wave, Figure 3.10 (b), which travels with velocity C2.  
As indicated in Figure 3.10, in the longitudinal wave the motion of particles will be in the 
direction of the wave motion. This behaviour is analogous to that of fluids. In transverse or 
shear wave the motion of particles is transverse to the direction of propagation. The simple 
behaviour of longitudinal and shear waves is widely exploited in ultrasonic testing method 
where the type of wave injected can be controlled by the type of transducer and simple ray-
tracing can be used to interrogate the body for defects. However, in AE applications there is 
no control of the types of waves being generated or recorded, and generally no specific 
interest in locating internal reflectors [139].  
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(a) Longitudinal wave    (b) Transversal wave 
Figure 3.10 AE wave types in infinite media 
3.5.2 Waves in Semi-Infinite Medium (One Bounding Surface) 
As discussed in the Section 3.5.1, in an infinite elastic medium only longitudinal and 
transverse waves can be propagated. However when the medium is bounded by a half-space 
(z>0) a third type of stress waves may appear whose effects are confined closely to the 
surface, Figure 3.11. These surface waves, first described by Lord Rayleigh in 1885, have 
been investigated in detail in seismology before finding applications in the ultrasonic 
frequency range for non-destructive testing discovered by Horace Lamb in 1917 [140].  
Figure 3.11 Surface wave or Rayleigh wave in the material [141] 
Since AE sensors are surface mounted, it is common to assume that the acoustic emission 
energy is mostly carried in a surface wave for condition monitoring purposes. In Rayleigh 
waves particles vibrate in an orbital fashion, individual particles moving in an elliptical path, 
in much the same way as particles in water waves. Rayleigh waves include both longitudinal 
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Direction of wave propagation
Direction of 
particle motion
Compression Extension 
Direction of wave propagation 
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and transverse motions that decay exponentially in the layers under the surface of the 
material. 
In Table 3.1 values of density and longitudinal, transverse and Rayleigh wave phase 
velocities are given. Rayleigh waves have a speed slightly slower than shear waves, as 
demonstrated in the work of Graff. K.F [137] or other literature. The phase velocity of the 
Rayleigh wave as well as the phase velocities of the longitudinal and transverse waves are 
independent of the wavelength and therefore also independent of frequency [99].  
Table 3.1 values of density and phase velocities for different materials and waves  
3.5.3 Waves in Infinite Medium Bounded by Two Surfaces  
Discovered by Horace Lamb in 1917, Lamb waves (plate waves) are the fourth important 
mode of the stress waves which appear in solid material. The development of this topic was 
driven essentially by its applications in the medical industry during World War II. 
Subsequently in 1961 Lamb waves were introduced as a means of damage detection for the 
purpose of non-destructive evaluation [142].  
In an infinite medium bounded by two surfaces, such as a plate, wave propagation is more 
complicated due to interaction with the boundaries. When the wavelength is much smaller 
than the plate thickness the wave propagates on the surface as a Rayleigh wave. As the plate 
becomes thinner the surface wave begins to interact with the bottom boundary producing 
guided Lamb waves [139]. Thus a Lamb wave is defined as a plane elastic wave which is 
born in a material body with two boundaries where the material has a thickness of a couple 
of wavelengths of the stress wave [99]. 
There are two classes of Lamb waves which are essentially coupled surface waves, one 
where propagation involves compression and rarefaction (symmetric (S) modes or 
Material 
Density 
(kg/m3) × 10 3 
Longitudinal 
wave (m/s) × 
10 3 
Transverse 
wave (m/s) × 
10 3 
Rayleigh wave 
(m/s) × 10 3 
Steel 7.8 5.9 3.2 3 
Copper 8.9 4.6 2.3 2.1 
Aluminium 2.7 6.3 3.1 2.9 
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extensional waves) and the other involving bending motions (asymmetric (A) modes or 
flexural waves), Figure 3.12 [143]. 
 
 
 
(a) Extensional mode     (b) Flexural mode 
             Figure 3.12 Two classes of Lamb wave 
The extensional mode has a lower amplitude than the flexural component and occurs as a 
small amplitude precursor to the larger flexural wave, Figure 3.13[144]. 
Figure 3.13 Extensional vs. flexural wave 
Lamb waves differ from longitudinal, transverse and Rayleigh waves in that the phase 
velocity of Lamb waves depends on its wavelength and frequency. Both lamb wave modes 
propagate at various speeds which are dependent on both frequency and plate thickness. 
Generally, Lamb wave speeds Cp , fall between those of longitudinal and shear waves [145]:  
υ−
=
1
2
2CC p              (3.10) 
Where υ  is Poisson’s ratio. The movement of the surface of the material (surface waves), 
that is measured in the acoustic emission method consists mainly of waves which are “like” 
Lamb waves [99]. However, in practical situations, the acoustic emission energy is carried 
in one or more mode and each mode can be converted to another at boundaries. Thus it is 
not common to treat AE waves as pure modes (i.e. Lamb mode). For many applications the 
Wave propagation Wave propagation 
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AE wave can be considered as a packet of mixed frequency propagating at a specific group 
velocity.  
3.6 AE Waves in Real Measurements  
The types of sound wave described in the previous section resulted from the wave equation 
using idealised boundary conditions and idealised source functions. On operational 
machines it is often only practical to take AE measurements from nonrotating members such 
as the bearing housing or seal cartridge. Consequently, AE signals originating from the 
mating surfaces will incur significant changes across the transmission path to the receiving 
AE sensor and are seldom as regular and predictable as is assumed in theory of elastic wave 
propagation. Moreover, materials can contain non-homogeneities which means that elastic 
properties are different from point to point. This may result in distortion of AE wave front 
during its propagation through the medium. Possible distortion sources include reflection, 
refraction and attenuation. Moreover, different sources and structures lead to different 
amplitude, frequency, damping and dispersion characteristics of wave fronts.  
Neither the medium nor the boundaries nor the source is simple. Material dimensions are not 
infinite and the way from the source point to the measuring sensor can contain boundaries 
where the travelling stress wave is affected and thus several changes can occur. Depending 
upon the geometry of the solid and the nature of the stimulus, AE waves can propagate in a 
number of different ways. Unlike in ultrasonic testing method the propagation paths of AE 
waveform are generally beyond the control of the researcher [139]. 
The signal received by the acoustic emission sensor has little resemblance to the original 
signal and this adds to the complexity of non-intrusive AE measurements and makes 
interpretation of results more difficult. In this section the most important deviations from 
ideal propagation of the wave form are briefly reviewed. 
3.6.1 Wave Attenuation 
Acoustic emission response is directly affected by the loss of energy as waves propagate 
through a medium. The amplitude of an AE signal detected by a sensor is considerably lower 
than the intensity that would have been observed in close proximity to the source, a 
phenomenon normally referred to as attenuation [146, 147].  
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Attenuation occurs both in the near field and far field. Near field attenuation is the loss of 
amplitude in close proximity to the source while the loss of amplitude further from the source 
is described as far field attenuation. The four main causes of attenuation are; geometric 
spreading, scattering and diffraction, internal friction (absorption) and attenuation from 
velocity dispersion [139, 145]. Among the four main causes of attenuation, it has been 
suggested that geometric spreading dominates the attenuation for all kinds of structures over 
small distance (near field) [139, 145]. For long distances (far field) internal friction 
dominates [148].  
The main concern with application of the external AE measurements is the attenuation of 
the signal during propagation, as such the AE sensor has to be as close to its source as 
possible. This limitation may pose a practical constraint when applied to certain rotating 
machinery as stated by Mba et al. [31] where interfaces play a more important role. In 2007, 
F.Y Edward evaluated the AE signal attenuation on a purpose built mechanical seal test rig 
[16] as shown schematically in Figure 3.14. He compared the signals from the AE sensor 
located at the back of the stationary ring with that from the sensor on the seal cartridge. The 
attenuation of the AE signal was significant and some of the characteristics were lost during 
the propagation.  
Figure 3.14 Schematic representation of mechanical seal test rig 
In another study Mba and Hall have investigated the attenuation of AE signals on a large 
industrial gas turbine [149]. They state that AE signatures can propagate across a turbine at 
distances of up to 2 m, Figure 3.15.This indicates that AE is a viable tool for detecting seal 
and blade rubbing even for the far distances from the AE source. However, its success is 
considered to be dependent on the fully understanding the background noise received by the 
sensor on an operational turbine unit.  
Coupling and bearings External AE sensor 
Motor Pressurized chamber 
Internal AE sensor 
Stationary ring Rotating ring 
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Figure 3.15 Turbine unit investigated by Mba and Hall [149] 
In another study Nivesrangsan et al [150] studied the attenuation and the propagation of AE 
signals on the cylinder head of a diesel engine and reported that the attenuation increases 
with distance from the source and that more complicated transmission paths and geometries 
give higher attenuation factors. 
3.6.2 Wave Reflection and Refraction 
Although ultrasound waves are fundamentally different to light waves, the law for reflection 
of both wave types is similar. When a wave reaches an interface of two different media, 
some of the wave energy is transmitted into the other medium, some is reflected and some 
will propagate along the boundaries. Reflection, refraction and mode conversion can all 
occur when waves encounter boundaries. The reflection and refraction of waves depends on 
the angle of incidence (Snell's law) as well as the acoustic impedance of material [139]. 
Acoustic impedance determines the percentage of energy transmitted and reflected between 
two infinite media of different acoustic impedance, Z1 and Z2, the acoustic impedance can 
be used as given by Equation (3.11): 
2
21
2
21
)(
)(
ZZ
ZZEr +
−
=              (3.11) 
Therefore, an essential requirement in mounting a sensor is sufficient acoustic coupling to 
remove any air from the interface introduced due to the surface roughness of the two 
contacting surfaces. The surface of acoustic emission sensor should be smooth and clean, 
allowing for maximum couplant adhesion. Application of a couplant layer should be thin so 
that it can fill gaps caused by surface roughness and eliminate air gaps to ensure good 
acoustic transmission [131]. This is crucial to the transmission of ultrasonic energy. The 
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acoustic impedance with an air gap is around 5 orders of magnitude lower than that of the 
two contacting surfaces, allowing for very little transmission of acoustic energy at the typical 
frequencies of acoustic emission. There are a number of couplant types to choose from 
typically liquid, gel or grease such as propylene glycol, silicon grease, ultrasound jell, grease 
and so on so forth. The effectiveness of a given couplant depends on its acoustic impedance, 
acoustic absorption, application thickness and viscosity. Each of these can have a strong 
influence on the sensitivity response of the sensor and can ultimately change the way the 
sensor responds to different wave modes [151].  
3.7 Summary 
Today the application of AE is growing especially in the area of condition monitoring of 
rotating machines e.g. mechanical seals that is very well documented. The source 
mechanisms of AE are mainly divided into material sources and pseudo sources. AE events 
generated by these source mechanisms are recorded at their moment of occurrence (real time 
monitoring) that is a unique advantage for condition monitoring of rotating machines. Based 
on the nature of source mechanism, an AE signal can be classified into transient and 
continuous type which is very useful in industrial applications to differentiate healthy and 
faulty conditions. 
From the differential equation of motion, ultrasonic wave propagation can be considered 
under three different boundary conditions: waves in infinite medium, waves in semi-infinite 
medium and waves in infinite medium with two boundaries. The two latter one’s result in 
surface waves (Rayleigh wave) and plate waves (Lamb wave).  
However, in practical situations the AE energy is carried in one or more mode and can be 
considered as a packet of mixed frequency propagating at a specific group velocity. This 
wave form is affected by attenuation and distortion and thus the signal received by acoustic 
emission sensor has little resemblance to the original signal. Before starting experimental 
tests, full understanding of these elements is necessary for successful application of acoustic 
emission measurements to monitor the condition of mechanical seals. 
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Chapter Four; 
4. Condition Monitoring of Mechanical Seals, a Literature 
Review  
 
This chapter aims to provide a summary of the state of knowledge of the areas relevant to 
the condition monitoring of mechanical seals using non-intrusive AE measurements and 
other methods. The review is divided into three main parts, commencing with a critical 
discussion of the conventional condition monitoring approaches applied to mechanical seals 
so far. This is followed by an outline of AE technology applied for monitoring the 
tribological behaviour of mechanical seals and detecting faults at early stages is present. 
Finally, a review on the role of the AE data acquisition systems and signal processing 
techniques highlighting the time domain, frequency domain, and time-frequency domain 
methods is presented. 
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4.1 Mechanical Seals Condition Monitoring and Diagnostic  
Condition monitoring as a widely used term is considered to be any system for providing an 
assessment of a machine’s condition based on collecting sensor data, and analysing it with 
regard to any deviations from its normal operating conditions that could affect the service 
life of the machine. Based on the British Standard BS ISO 13372, condition monitoring is 
defined as “Detection and collection of information and data that indicate the state of a 
machine” [152]. Here the meaning of ‘condition’ is clear. It is not meaningful to consider a 
machine to be in 100% condition or 0% condition [101]. Consequently, condition monitoring 
instruments evaluate the related characteristics (i.e. vibration, temperature, ultrasonic sound 
propagation, heat generation and so on) which can differentiate between healthy and faulty 
conditions of a machine. 
Condition monitoring is a pioneer concept for the purpose of on-line monitoring of rotating 
machines offering sustainable improvement in machinery performance and reliability. 
Modern diagnostic systems are based on advanced signal processing approaches. 
Remarkable amounts of data are recorded including complex time series signals such as 
acoustic emission alongside more conventional and less rapidly changing signals, such as 
temperature, pressure and speed in order to identify the effect of operating parameters on the 
machine’s condition. The application of condition monitoring techniques allows earlier 
diagnosis and prompt repair of any malfunction and avoidance of breakdown caused by 
faulty components, which is most critical for process plant and machinery [141]. A 
successful monitoring system will have the potential to minimise the cost of maintenance, 
improve operational safety, and reduce the incidence of in-service machine failure or 
breakdown.  
The main general methods which have been established for condition monitoring of 
mechanical seals such as vibration analysis, eddy current and ultrasonic testing are briefly 
discussed in this section in preparation for a comparison of their strengths and weaknesses 
compared with what is currently known about AE condition monitoring of mechanical seals. 
4.1.1 Vibration Analysis 
Vibration analysis is one of the most widely used condition monitoring techniques especially 
for rotating machines [153, 154]. All rotating machines components produce a wide range 
of vibration frequencies due to changes in mass, stiffness and damping properties of the 
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system, the total spectrum of frequencies being referred to as the machine's signature. If a 
fault produces a signal at a known frequency then the magnitude of this signal is expected 
to increase as the fault develops [155]. Vibration monitoring has been widely applied to 
monitor and diagnose faults in rotating machines such as journal bearings [156], centrifugal 
pumps [157] and gearboxes [158].  
Since vibration analysis can only detect a signal in the sonic frequency range and cannot 
detect signals in the ultrasonic frequency range, it is unlikely to be applied for monitoring 
the rubbing of the seal faces. F.Y. Edward [16] carried out a lot of experiments on a purpose 
built test rig to monitor the condition of mechanical seals using vibration analysis. He reports 
that vibration is more likely to be influenced by the change of shaft speed rather than the 
severity of the elastic deformation of asperities in the sealing gap. This indicated that it is 
not efficient to monitor the condition of mechanical seals by vibration analysis. 
4.1.2 Eddy Current Testing 
The eddy current method has proved to be useful for monitoring the condition of mechanical 
seals by Constantinescu and Etsion [17]. They experimentally observed the dynamic 
behavior of a non-contacting seal by means of proximity eddy current probes monitoring the 
motion of the flexibly mounted stator. In the later studies Green applied this technique to 
monitor the seal clearance (sealing gap) and the relative angular misalignment between the 
stationary and rotating rings [18]. To date most published work, Zhang and Li used the data 
from eddy current sensors to direct the processing of the acoustic emission signal using 
principle component analysis and artificial neural network [159] due to the fact that the 
thickness of the fluid film can't be monitored by the acoustic emission signal directly. In 
their apparatus two steel rings are inlayed in the silicon carbide seal rings and are ground on 
the two end faces. An eddy current sensor is put through a small hole drilled on the steel 
ring, while the acoustic emission sensor is mounted on the bottom of the stationary seat as 
Figure 4.1 shows. With water as the sealed fluid, they carried out tests under a wide range 
of operating conditions. During the tests water pressure changes from 0.5~10 MPa and the 
spindle speed varies in the range of 0~1500 rpm. They reported that the film thickness 
increased with water pressure, but scarcely was affected by spindle speed. Also they 
mentioned that the attenuation of the acoustic emission signal is a big restriction. 
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Figure 4.1 Mechanical seal test rig for eddy current testing principle [159] 
All previous work in this area is based on the dynamics of non-contacting mechanical seals 
and cannot be extended to the condition monitoring of contacting mechanical seals, due to 
the fact that contacting face seals usually operate in the mixed (or even boundary) lubrication 
regime which makes it very difficult to evaluate the condition of lubrication due to the very 
small gap between the seal surfaces.  
4.1.3 Ultrasonic Testing 
The ultrasonic method has been applied by Anderson, Jarzynski et al. [160] to monitor the 
onset of contact between seal faces. An ultrasonic transducer mounted on the back of 
stationary ring such that it sent a pulse and received the shear wave reflection, as Figure 4.2 
shows. Shear wave propagation through a liquid is negligible, hence the shear wave 
reflection is only increased by the existence of contacting seal faces. Therefore, when contact 
between the seal rings starts the reflection coefficient of shear waves goes up. 
 
Figure 4.2 Illustration of film collapse detection using ultrasonic waves [160] 
Rotating ring Stationary ring Stationary seat 
Eddy current sensor 
Steel ring 
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Later on Reddyhoff et al. [20] also estimated the film thickness over a range of loads and 
rotational speeds based on the same procedure as shown in Figure 4.3. They reported that 
while the rig is stationary the film thickness varied noticeably with the load. When rotating 
however, the lubricant film remained relatively stable around 2 μm. It is clear however the 
ultrasonic technique can detect the face contact as a qualitative tool, but is unable to evaluate 
the severity of contact. Moreover, this method cannot be used to measure the changes in the 
sealing gap (leakage rate) when the rings are fully separated due to the hydrodynamic 
lubrication established. These disadvantages hinder the practical application of ultrasonic 
method to monitoring the condition of mechanical seals.  
Figure 4.3 Basic concept of film collapse detection using ultrasonic waves [20] 
 4.2 Literature on the AE Condition Monitoring of Mechanical Seals 
Acoustic emission is an effective technique for detecting incipient failures of mechanical 
seals in a wide variety of rotating machines from small pumps to large-scale turbine units. 
In all cases, by investigating the AE features, the failure modes as well as the effect of 
operational conditions on tribological behaviour of mechanical seals has the potential to be 
monitored. For instance in a review of monitoring techniques applied to steam turbine units 
[161], AE was identified as a condition monitoring technique that might detect the sliding 
contact between mating faces. However, at present some difficulties in fault generating in a 
controlled environment caused inconclusiveness in development of a strong diagnosis and 
prognosis for mechanical seals [36]. On the other hand, the high sensitivity of acoustic 
emission makes the interpretation difficult. Moreover previous researches widely reported 
that AE signals taken from different types of mechanical seal are affected by ambient noises 
[25-27]. Noise is widely defined as ‘any unwanted part of the signal (or data set)’ and 
therefore to ensure valid analysis conclusions, needs to be eliminated (or quantified) at the 
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time of data collection or during post-processing. Sikorska and Mba [36] report that when 
collecting AE data from machines, noise can originate from several external sources such as 
steady background noise from electronic components, Quasi-periodic transient events such 
as rubbing of seals or bearing faults and so on. 
Separating the acoustic emission associated with a defect condition from noise is 
problematic. This is why a variety of techniques have been developed over the past 20 years 
to de-noise condition-monitoring data, with varying degrees of success when applied to 
acoustic emission signals. The present study aims to introduce a novel AE based 
experimental research for the purpose of condition monitoring of mechanical seals based on 
simple signal processing techniques. Attempt is paid to identify the noises based on an 
extensive experimental program which is further discussed in Section 6.5. 
4.2.1 Traditional Acoustic Emission Sources at Seal Faces 
The generation of AE waves during the sliding motion of two mating surfaces is attributed 
to different mechanisms such as adhesion, contact and deformation of asperities. The 
deformation and movement of a single asperity does produce an AE stress wave, but it is not 
large enough to be detected as an isolated process. However, when millions of asperities are 
combined and move at the same time, the individual stress waves overlap and superimpose 
to give a detectable result. It has been shown that the strength and rate of AE activity is 
dependent on sliding speed, friction coefficient of mating surfaces, contact pressure and the 
height of surface roughness [161]. Traditional process which may lead to AE wave 
generation are schematically presented in Figure 4.4. Interested readers may refer to work 
of Fan for a detailed discussion. [16] 
  Figure 4.4 Illustration of acoustic emission sources in mechanical seals 
Plastic deformation 
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Elastic deformation Adhesive wear Unstable film 
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4.2.2 Application of Acoustic Emission to the Sliding Contact 
Acoustic emission has proven to be an effective tool to monitor the sliding contact and 
changes in lubricant properties [37, 38, 162]. For instance Asamene and Sundaresan 
experimentally observed acoustic emission signals generated by friction between two dry 
flat steel surfaces under several conditions of surface roughness, normal pressure, sliding 
speed and time duration [163]. They reported that friction related AE signals were 
distinguishable from other sources of acoustic emission. 
The correlation between AE and wear variables in sliding contact have been well 
documented [7, 33, 133, 164, 165], although not all researchers have equal success 
quantifying all variables. For instance Hase et al examined the AE signals generated during 
the two main types of wear (i.e. adhesive wear and abrasive wear) using a pin-on-block 
micro-sliding friction tester, Figure 4.5. They stated that during adhesive wear, burst-type 
AE signals are produced as a result of the generation of wear elements and transfer of 
particles while in abrasive wear burst-type AE signals are generated by cutting and 
ploughing of material [133].  
 
Figure 4.5 Illustration of pin-on-block-type test rig [133]  
As most of the previous studies have been undertaken in laboratories with non-ceramic 
materials in the form of pin on disk, block or cylinder samples [33-35, 134], the application 
of results to modern ceramic seal faces in industrial applications must be undertaken with 
caution [36]. For instance Hase, Wada et al. have investigated AE signals generated by 
tribological actions under repeated dry rubbing on a pin on cylinder rig [135]. Different non 
ceramic materials such as Brass, Phosphor Bronze, Steel, Aluminium and Copper have been 
examined to study the formation and removal of wear particles. They stated that the AE 
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method can detect tribological phenomena such as the removal of transfer particles that 
cannot be detected from measurement of the coefficient of friction. 
In another study, Benabdallah investigated friction, wear and acoustic emission properties 
of some plastic materials in the form of a stationary ball against a rotating flat disc of silicon 
nitride [166]. He showed that integrated acoustic emission energy (∫𝐴𝐴𝐴𝐴 𝑑𝑑𝑑𝑑 ) increases with 
an increase in the wear volume. However, direct use of such studies in industrial applications 
may face some challenges. 
Few studies using ceramic materials have been performed [33-35] which clearly shows that 
the application of AE measurements to explore the frictional characteristics of face seals in 
real applications are needed to be investigated further. 
Since the energy of the AE signal is sensitive to high frequency events caused by frictional 
interactions it carries information about the details of such processes. Acoustic emission 
energy method can be used for detecting incipient failures of mechanical seals such as 
leakage and dry running. However, one or two researches are available in this area with 
positive outcomes. For instance in 1987, Kataoka et al. [29] stated that acoustic emission 
measurements could be applied to monitoring mechanical seals without interfering with its 
operation. Furthermore, it was stated that AE could monitor seals in real applications such 
as pumps. A correlation between AE levels and the mechanical integrity of the seals was 
determined based on laboratory and field tests by taking measurements on the actual seals 
and on their casings. In a subsequent study, Miettinen and Siekkinen studied the AE response 
to the sliding contact behaviour of a mechanical seal on the 15 kW centrifugal pump under 
different working conditions [30]. It was concluded that AE amplitude values of a leaking 
seal were on average 25% lower than in normal running conditions. The authors also stated 
the possibility of detecting dry running and cavitation in mechanical face seals. For instance, 
in case of dry running test, an even higher level of AE amplitude has been reported, however 
this study was only limited to a simple time domain analysis. 
One year later, Holenstein et al. applied acoustic emission measurements for detecting 
deterioration of seals. A pilot system was developed and installed in a thermal power plant 
[32]. They applied different data analysis methods to correlate operating parameters and 
absolute wear. It was shown that a rise in AE levels was due to deformation of the seal 
surfaces and periodic contact. They stated that the main difficulty with the investigation is 
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that seal damage needs to be simulated on a test rig under realistic condition. Later on, Mba 
et al. confirmed that acoustic emission signals can be successfully used to monitor the onset 
and duration of seal-to-seal contact [31]. 
Another complication reported with AE condition monitoring of mechanical seals is that 
some failure modes result in a decrease in the signal amplitude or energy, contrary to 
expected trends [29, 30, 33]. This may be due to an increase in the lubricating film causing 
leakage, but decreasing wear and thus AE levels as pointed out by [36]. Alternatively, in 
ceramic materials, an oxide layer might be formed due to high temperatures at the sealing 
interface area. When this occurs, acoustic emission levels have been observed to decrease 
despite an increase in wear rate [33]. 
Despite the published work, the application of AE technology to monitoring the integrity of 
mechanical seals has been slow to develop and remains in its infancy especially for the 
purpose of fault detection. 
4.3 Literature on AE Signals and Signal Processing Methods 
The efficiency of condition monitoring techniques relies upon two basic elements: the 
number and type of sensors as well as the associated signal processing methods that are 
applied to extract useful information from the recorded signals [23]. In the case of AE 
condition monitoring, the extraction of important features from the recorded signal usually 
involves a number of confounding problems such as contamination from noise, interference 
from structural vibration, confusion of multiple modes and bulkiness of sampled data [142]. 
Bechhoefer et al. believe that from the signal processing perspective, acoustic emission has 
a number of perceived disadvantages [167]: 
• AE signals are relatively high frequency; thus the sample rates must be high. 
• Processing of the data, needed for feature extraction, is made more difficult because 
of the high sample rates and large volume of data that must be processed.  
• Typical AE analysis is limited in its “action ability”, meaning that its can detect or 
count AE events, but does not tie the event to a component of the system. 
The role of signal processing techniques is of high importance to present a proper 
interpretation of the captured signals. Various signal processing and identification 
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techniques can be applied for fault detection and failure diagnosis by analysis of the AE data 
obtained from the data acquisition system as schematically shown on Figure 4.6 
 
 
 
 
 
 
Figure 4.6 Overview of fault diagnosis based on AE signals 
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4.3.1 Time Domain Analysis 
AE features extracted from the AE waveform are widely used for the purpose of condition 
monitoring and fault diagnosis, these features have been introduced in Section 3.3.2. Also 
the type of AE signal (i.e. continuous and transient signal) is used to evaluate the acoustic 
emission sources as discussed in Section 3.3.1.  
Time domain statistical parameters are another area of research which are usually used for 
signal processing and drawing different features of signals. The statistical parameters are 
only based on the distribution of AE signals with the time series treated as a random variable. 
Extracting these features from raw AE signals is considered as a first level of signal 
processing. Using these statistical parameters researchers are able to summarize the data to 
extract meaningful and useful features.  
Normally, time features such as mean value, standard deviation, root mean square (RMS), 
and peak value are used to describe characteristics of time series data from random, 
stationary, erratic and continuous processes. When damage occurs, a pickup in these values 
is usually observed. Among these features, RMS value of AE signal has been extensively 
discussed in the literature (see Section 5.2) and has been reported to be a measure of AE 
activity that can be related to the energy of emission or area under the signal curve. Table 
4.1 summaries a typical set of time-based features and the information they convey about 
the source event where the time signal, x(t), having N data points. 
In AE applications mean value of the AE signal varies in a narrow band around zero. It arises 
due to the symmetry of AE time domain data. Hence the standard deviation sees 
approximately the values close to the RMS value. Therefore, to interpret the results in time 
domain, RMS and standard deviation are usually considered as an identical feature. 
Due to variation of the mean value of AE signal in a narrow band around zero, skewness 
sees randomly the negative and positive values. This makes some difficulties in analysis of 
the results. Moreover, a clear physical concept for the skewness has not been reported yet. 
However, kurtosis is more interesting feature due to the fact that it only gets positive values. 
F.Y Edward [16] tried to correlate the kurtosis with the severity of contact in mechanical 
seals, but it was not completely successful. A novel physical concept for kurtosis is proposed 
in Section 7.3.3 which has good agreement with the tribological behaviour of the sealing 
gap. 
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Table 4.1 Summary of typical statistical parameters used for continuous signals [101, 141] 
Feature Summary description 
Mean value ( x ) or the first moment of 
amplitude distribution function 
∑
=
=
N
i
ixN
x
1
1
                                          (4.1) 
where  
N  is the number of data points; 
ix  is the data at each discrete point in time.  
● Measures the central distribution of discrete 
time series data. For AE signals is zeros in 
theory. In measured signals may have very 
small values which is arise from measurement 
system. 
Root mean square (RMS) value  
N
x
RMS
N
i
i∑
== 1
2
                              (4.2) 
● Measures square root of mean square in the 
density probability function. 
● Indicates energy contained in continuous AE 
data. 
Variance or the second moment of the 
amplitude distribution function. 
[ ]∑
=
−=
N
i
i xxN 1
22  1σ                               (4.3) 
● Indicates the spread or dispersion or 
distribution of the density probability function. 
Standard deviation  
[ ]∑
=
−=
N
i
i xxN 1
2 1σ                                     (4.4) 
● Indicates the spread or dispersion or 
distribution of the density probability function. 
Skewness or the third moment of amplitude 
distribution function. 
∑
=



 −
=
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i
i xxSk
1
3 
σ
                              (4.5) 
● Measures the extent of the asymmetry 
distribution of the density probability function. 
● 0=Sk  represents normal distribution such as 
AE signals. 
● For, 0<Sk  the left tail of distribution is 
heavier than the right tail and the opposite for
0>Sk . 
Kurtosis ( Kt ) or the fourth moment of 
amplitude distribution function.  
∑
=
−




 −
=
N
i
i xxKT
1
4 3 
σ
                              (4.6) 
● Demonstrates the flattening of the density 
probability function near the average value. 
● 0>KT  represents a peaked distribution. 
● 0<KT  represents a flat distribution. 
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4.3.2 Frequency Domain Analysis 
Frequency domain Analysis is a method applied to analyse data and refers to analysing a 
dynamic signal with respect to frequency. The advantage of spectral analysis over time 
domain analysis is its ability to identify and isolate certain frequency components of interest. 
The main idea is to either look at the whole spectrum or look closely at certain frequency 
components of interest and then extract desired features from the signal [168].  
The Fourier transform (FT) is usually used for the conversion of a recorded signal from the 
time domain into one in the frequency domain. The FT transforms mathematically a time-
dependent AE wave signal, f(t), into the frequency domain by [141, 142]: 
∫
∞
∞−
−= dtetfF tjωω )()(         (4.7) 
where ω and j are the angular frequency and unit complex, respectively. )(ωF is the Fourier 
counterpart of )(tf . From the point of view of mathematics, frequency domain analysis is 
mostly used on signals that are periodic over time. Originating from the Fourier transform 
but with enhanced ability, the fast Fourier transform (FFT) is able to speed up this transform. 
The fast Fourier transform is widely used for AE wave signal analysis [168] and to identify 
the frequency features of dynamic signals [169].  
Spectral analysis can generally indicate machinery faults better than time domain features 
because characteristic frequency components such as resonance of a component or particular 
frequency component correspond to particular states (e.g. fault-free, defective components) 
and it is relatively easily detected and matched to the faults [23]. This can be implemented 
by considering the fact that the useful information provided by the frequency spectra is often 
the change of the frequency components and their amplitudes for different working 
conditions. For instance Hase et al reported that different mechanisms of wear (i.e. adhesive 
and abrasive wear) can be recognized from the features of the AE frequency spectrum such 
as frequency peak and frequency band [133].  
AE spectral analysis is more affected by noise rather than time domain or time-frequency 
analysis. Most of the noise has specific frequency components with constant amplitudes. 
Filtering can be used to separate the noise from the signal, thus improving the signal-to-noise 
ratio (Nashed 2010). However, some sources of AE can sometimes be masked by noise.  
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
83 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
Analysing the AE signal in the frequency domain is more effective if it can characterise the 
signals under noisy conditions. For instance Sato used the spectrum of the envelope AE 
waveform to monitor seal rubbing on an operational 350 MW steam turbine under real noisy 
industrial condition [170]. It has been reported that the rub source location could be 
effectively determined using the time or phase difference between the AE modulated signals 
from two sensor channels. Furthermore, Sato stated that rotational frequencies of the turbine 
were generated with rubbing. Wang and Chu carried out the same analysis but on a test-rig 
in the lab [171]. It was stated that due to the influences of impacting, structural characteristic, 
oil film and noise, a conventional frequency domain technique was unable to aid 
identification of the rub source. The situation sometimes get worse to identify effective 
features for fault diagnosis in the frequency spectra due to the other limitations mainly 
caused by the nature of AE events, attenuation, dispersion, multiple reflections and the non 
-linear character of AE signal during its propagation [16]. Moreover, a spectral peak at a 
particular frequency may have several possible causes. 
The techniques were also applied by calculating correlation or logarithmic value of 
transformation parameters. For example, the power spectrum, as a second order spectrum, 
whose amplitude is the square of the amplitude of the spectrum is an effective method to 
diagnose machinery faults [172, 173] 
The higher order spectra, bispectrum and trispectrum, can be applied to fault diagnosis in 
rotating machines [174] as well. For instance Ibrahim et al. used the bispectrum to develop 
pre-processing procedures for bearing condition monitoring because of its ability to provide 
improved diagnostic capability (i.e. suppression of noise) compared with conventional 
power spectrum analysis [175]. In another work, Gu et al developed a novel method for fault 
diagnosis of planetary gearboxes based on an accurate estimation of residual sidebands using 
a modulation signal bispectrum method [176].  
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4.3.3 Time-Frequency Analysis 
A number of studies have investigated the use of time domain and frequency domain in 
processing the AE signals from rotating machines such as mechanical seals [31, 32, 177] 
and journal bearings [115]. However, the signals collected from many rotating machines are 
non-stationary random signals where the background noise level is fluctuating significantly 
with the time. It can be caused by several reasons such as fault development or even periodic 
changes in the operational parameters (rotational speed and load) of the system within a 
single rotation cycle [172]. This means that the shorter the time waveform used to calculate 
statistical parameters, the greater the likelihood that the parameter does not accurately 
describe the underlying signal. Even an average of the parameter, calculated from a large 
ensemble of waveforms, may not be particularly useful as it does not describe the spread of 
a parameter’s values [36]. During the past decades, various joint-time-frequency methods 
have been studied and applied to machinery fault diagnosis due the deficiencies of either 
time- or frequency-domain analysis of the non-stationary signals. Most time–frequency 
algorithms can be generalized as [142]: 
θαβββαθϕ
π
ω
β α θ
βθωαθ dddtftfetP ww
iiti )
2
()
2
(*),(
2
1),( +−= ∫ ∫ ∫ −−−     (4.8) 
where ),( ωtP is the energy intensity at time t and frequency ω, *f  denotes the complex 
conjugate of the wave signal, wf , and ),( αθϕ  is a function depending on )(tf . 
In practice, rather than direct time–frequency analysis, some variants of Equation (4.8) are 
more popular e.g. short-time Fourier transform (STFT), Winger-Ville distribution (WVD), 
and wavelet transform (WT). The former is applied in this research and others are beyond 
the scope of present study. 
Short-time Fourier transform (STFT) analysis, introduced by Dennis Gabor in 1946, was 
developed to improve the efficiency of the Fourier transform or Fast Fourier transform for 
non-stationary signals [142]. STFT is the simplest time-frequency decomposition of a signal 
and may be considered as a method that breaks down the non-stationary signal into many 
small segments around a specific time window (‘short time’), which can be assumed to be 
locally stationary, and applies the conventional fast Fourier transform to these segments.  
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Continuously moving this short time interval along the time axis, STFT can map a time-
dependent wave signal into a 2D representation. Preliminary time frequency analysis 
techniques, windowed Fourier transform [178] and Short time Fourier transform [179, 180] 
were applied to monitoring the condition of rotating machines.  
4.4 Main Findings 
Many condition monitoring techniques can be applied to evaluate the integrity and monitor 
the tribological behaviour of mechanical seals. Among them the eddy current and ultrasonic 
methods have been widely used. Some of these methods require modifying the mechanical 
seal structure, others involve with expensive cost. 
Whilst the effectiveness of AE measurements for mechanical seal condition monitoring is 
well established, the application of this technique in the field of tribology and early fault 
detection in mechanical seals is still in its infancy. Among the AE features extracted from 
the waveform in the time domain, root mean square (RMS) value is widely used for the 
purpose of condition monitoring and fault detection. At present difficulties in generating 
faults in a controlled environment caused inconclusiveness in the development of a strong 
diagnosis and prognosis for mechanical seals. 
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Chapter Five; 
5 Mathematical Modelling 
 
In this chapter the investigation develops a comprehensive mathematical model which can 
predict the energy of an AE signal under different tribological regimes. This is of high 
importance to monitor the sealing gap and detect faults at the early stages. This chapter 
starts with the introduction of theories on acoustic emission source modelling which includes 
both empirical and mathematical models. This is followed by a general literature review on 
the application of the AE energy methods for condition monitoring of tribosystems. Then 
new sources of acoustic emissions in tribosystems are introduced which includes the direct 
asperity contact between two rough surfaces, the viscous friction between fluid layers and 
elastic deformation of asperities due to hydraulic induced pressure and shearing effects of 
the moving lubricant. This is followed by an introduction to the characterisation of solid 
surfaces and the contact between asperities. Then the behaviour of asperity contact at the 
sealing gap is explained based on the Greenwood-Williamson model and Hertz theory. 
Finally, the AE sources are mathematically modelled based on the working parameters of 
seals. These models may explain nonlinear tribological behaviour of mechanical seals 
compared with those available in literature.
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5.1 Background of AE Source Modelling 
Modelling of the stress waves that are generated by acoustic emission sources has played a 
major role in condition monitoring and fault diagnosis applications. AE source modelling 
includes three major area of research, empirical models, mathematical models and finite 
element models (FEM). The latter is beyond the scope of this research and has been 
discussed extensively in the literature [181, 182]. 
5.1.1 Empirical AE Models Related to Friction 
To gain an understanding of the relations between the characteristics of AE signals and the 
process parameters, empirical models are first developed. In 1990 Jiaa and Dornfeld [183] 
have investigated the frictional AE signal rate on a pin-on-disk test rig. They simulated 
experimentally dry sliding contact and proposed the empirical relation as bellow: 
mK
ssf VAU )(τ∝         (5.1) 
where sτ is the shear strength of the interfacial layer, sA  is the actual area of a contact, V  
is the sliding speed and mK  is a constant determined by the material system and the 
detection equipment and can be assumed to be 1.0 [99]. In a consequent study Mullins et al. 
reported that with stronger interfacial film layers or with increasing sliding speed, the 
average frequency and amplitude of AE signals increase that leads to a non-linear increase 
in the energy detected by the AE sensors [184]. They mentioned that the total acoustic 
emission energy release rate can be expressed as: 
tot
m
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where 
fa  is a proportionality factor 
totA  is the total contact area 
fF  is the friction force 
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5.1.2 Mathematical AE Models 
Mathematical modelling of AE sources is widely used in condition monitoring of 
tribosystems. This offers benefits in evaluating the performance of machines, studying how 
operating parameters of a system work and improving diagnosis of frictional processes. In 
this research area, mathematical modelling mainly includes modelling of AE source 
mechanisms as well as signal propagation and transmission paths to pave the way for 
effective condition monitoring and early fault detection. 
Since direct asperity contact is considered conventionally as the main cause of all failures in 
sliding contact of mating surfaces [16, 61], Figure 5.1, contact modelling becomes an 
essential part of any AE friction model. It consists of two related steps. First, the equations 
representing the AE generated in contact of a single pair of asperities are extracted. Second, 
the cumulative effects of individual asperities are determined. Considering the first step, AE 
signals generated during frictional process are modelled mathematically using two general 
approaches.  
Figure 5.1 Schematic illustration of direct asperity contact 
The first approach is integrating the friction force over sliding distance ∫ dsFf , where S is 
sliding distance and defined as the distance that a pair of asperities move over each other in 
the direction of sliding. Assume that the circular contact area (with radius of a) is formed 
during asperity contact, Figure 5.2, the sliding distance can be defined as:  
aaaS 422 =+=         (5.3) 
Asperity collisions 
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Figure 5.2 The concept of sliding distance in asperity contact 
This method has been used by Benabdallah [166] and Towsyfyan et al. [185] to model the 
frictional energy released during direct asperity contact. The same idea is found in 
pioneering work published by Archard in 1953 [186], however he assumed that the total 
distance of contact is the sum of the individual asperity contact area. For micro scale contacts 
the effect of adhesion on the contact area is important [61] that is not considered in this 
approach and for that reason has been used less frequently. 
Another approach for modelling acoustic emission in frictional process is based on strain 
energy released during elastic deformation of the asperities. F.Y.Edward et al. [187] used 
the integration of contact load over elastic deflection of the asperities ( ∫ δdW ) to model 
the stored strain energy during sliding contact of mating surfaces. In 2017, Sharma and Parey 
used this approach to model the stored elastic energy  for the asperities contact between the 
surfaces of inner race-rolling element and outer race-rolling element [188].The idea behind 
such models considers every asperity as a spring under axial loading. Hence continues 
compression and release of asperities in sliding contact generates AE waves which is 
proportional with contact load, W, and elastic deflection of asperities, δ, in the direction of 
the applied load, Figure 5.3. 
(a) Asperity in rest  (b) Compressed asperity  (c) Energy released 
Figure 5.3 The concept of strain energy released in sliding contact 
However, based on the above idea it is not possible to explain why continuous and burst type 
AE signals are generated during the contact of mating faces. F.Y.Edward [16] states that 
‘The asperity contact between seal faces is not always continuous during the operation of 
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mechanical seals. When the contact load is light, asperity contact only last for a short time 
in one rotational period and burst-type acoustic emission is observed. When contact load 
increases, the asperity contact will last longer. If the asperity contact is enough, the generated 
bursting emissions will overlap each other and continuous AE signal will be observed’. 
Primary investigations in this research shows that both continuous and burst type AE signals 
are generated during different operating condition of mechanical seals, whether the contact 
is light or massive, therefore some improvements in the model developed by F.Y.Edward 
[16] is necessary that can explain the phenomena more clearly. 
In this thesis attempt is made to model the strain energy released during the dynamic bending 
of asperities which is more consistent with the physics of sliding contact in mechanical seals 
and can proposes logical explanation for existence of both type AE responses in the time 
domain signal, see Section 5.8. The bending of asperities occurs due to collision and 
interaction of asperities in the boundary and mixed lubrication region, while in the 
hydrodynamic lubrication region the stress field of moving fluid can cause bending of 
asperities when a pair of asperities approach each other and then release when they leave the 
interaction area as will be discussed further in Section 5.6. 
5.2 Quantifying of AE Energy Released in Frictional Process 
Most of the work related to AE condition monitoring of tribosystems commonly use the root 
mean square (RMS) value of the AE signal to quantify the energy of frictional process. For 
instance, Boness et al. [189] investigated the RMS value of AE signals obtained from sliding 
metallic contacts. They showed that RMS measurements are able to differentiate between 
different wear mechanisms occurring in both dry and lubricated contacts from the tests 
carried out on a ball-on-cylinder test apparatus. One year later they established a direct 
empirical relationship between integrated RMS signal and wear volume removed in the 
sliding contact [34]. 
In 2007 F.Y.Edward reported that RMS value of AE signal is not affected by signal distortion 
and transmission paths [16]. He showed experimentally that RMS value of external AE 
measurements could keep the signal trend obtained by the internal measurements (see 
Section 3.6.1). Since his work has been carried out on a mechanical seal test rig, it gives an 
encouraging motivation for this research to monitor the condition of mechanical seals using 
external measurements. 
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Research has been reported in the literature showing that a strong relationship exists between 
the RMS value of AE signals and the friction state of mating surfaces in sliding contact [35, 
190]. For instance Huang et al. [191] investigated the frictional behaviour and characteristics 
of the AE signals recorded from a pump dry gas seal. They reported that expressing the AE 
energy level using the RMS value by an appropriate frequency band not only traces the 
friction state of mating faces but also can effectively reduce the interference of noises. 
Whilst the effectiveness of RMS value of AE signals for condition monitoring of the mating 
faces is well developed, the application of RMS based mathematical models to explain the 
tribological behaviour of mechanical seals based on dominant AE sources is still in its 
infancy. In general, the energy released by AE source mechanisms in any desired time 
interval can be expressed as: 
∫
∞
=
0
dtUU AEAE           (5.4) 
where AEU  is the acoustic emission energy release rate during the interaction between two 
media. Assume that the acoustic emission sensor converts the collected ultrasonic energy to 
electrical voltage, the energy of the acoustic emission signal in terms of measured electrical 
voltage can be expressed as: 
∫
∞
=
0
2 )( dttVGU EEAE         (5.5) 
where EG  is the electrical conductance of the AE measuring circuit. Considering 
Equations. (5.4) and (5.5) the RMS value of AE signal is given by: 
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where T is the selected duration of the AE signal. Assuming the sliding between two 
surfaces is stable, the RMS value of AE signal based on the acoustic emission energy release 
rate can be expressed as follow: 
AErms UV =          (5.7) 
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From Equation. (5.7) and assuming that the frictional behaviour of the seal faces is stable, it 
can be concluded that a theoretical relationship exists between the RMS value of the AE 
signal and the energy excited by the multiple interactions between the acoustic emission 
sources. 
In 2010, F Y Edward et al. [187] developed a mathematical model for direct contact of 
asperities and pointed out that the level of AE signals depends on the sliding speed, the load 
supported by contact asperities, the number of asperity contacts and surface topographic 
characteristics. Based on this model the AE RMS has a square root relationship with sliding 
speed and contact load. However, they failed to validate the model and reported that based 
on their experimental study, the relationship between AE RMS value and contact load is 
linear. Hence, it seems necessary to find more accurate equations that can clearly predict the 
level of acoustic emission excitations in sliding contact of face seals. 
Furthermore, either previous empirical relationships or theoretical models predict the level 
of AE signals due to direct asperity contacts. However, based on the tribological behaviour 
of mechanical seals the mating surfaces maybe well separated because of the hydrodynamic 
lubrication established. Thus it is necessary to propose a comprehensive model which can 
explain the tribological behaviour of the mechanical seals especially in mixed and 
hydrodynamic lubrication regimes where they are supposed to work ideally. Consequently, 
it is expected that the model can estimate the frictional energy generated from acoustic 
emission sources under different lubrication regimes. This may explain why frictional 
energy changes under different lubrication regimes which could be useful for the purpose of 
fault detection in tribosystems. 
5.3 Novel AE Source Mechanisms 
The amount of acoustic emission energy released during the frictional process depends 
primarily on the source of the generated stress energy. The traditional acoustic emission 
sources have been discussed in the Section 4.2.1. It is unlikely possible to explain the 
acoustic emission signal recorded under different working condition of mechanical seals 
based on traditional source mechanisms. Hence it is necessary to model dominant acoustic 
emission sources by which the tribological behaviour of face seals can be explained under 
both healthy and defective conditions. Based on the operational conditions, three main 
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mechanisms may contribute to acoustic emission energy release in mechanical seals as 
shown schematically in Figure 5.4. 
(a) Asperity collision     (b) Viscous friction    (c) Fluid induced deformation 
Figure 5.4 Schematic illustration of AE generating mechanisms at sealing gap 
In a properly maintained hydrodynamic lubrication regime, the main sources of acoustic 
emission are the viscous friction due to shearing lubricant at sealing interface and 
deformation of asperities due to hydraulic pressure induced by relative motion of asperities. 
The latter type of acoustic emission source can be understood to be the effect of fluid stress 
field that cause an alternation between asperity elastic deformation and recovery as moving 
asperities approach and leave the stationary asperities, Figure 5.5. Further details are given 
in Section 5.3.2. 
 
 
 
 
Figure 5.5 AE signal generated due to fluid induced asperity deformation 
Surface dimension 
A
E 
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Fluid stress field changes due to the fact that fluid pressure increases when the asperity is 
approached and decreases when the asperity is left behind, this phenomenon is called micro 
asperity lubrication in the literature [42, 43]. Under this condition ideally no asperity contact 
occurs, however the compression and recovery of asperities may produce high frequency 
AE waves due to the micro-scale size of asperities and high fluid flow, Figure 5.5. These 
deformations may generate fatigue crack in the mating faces. 
By reducing the duty parameter (increasing the load or reducing the speed) to the mixed 
lubrication regime, the interaction and collision between asperities generates high frequency 
AE signals that is well documented in the literature [16]. In the meantime, similar to the 
effect of fluid shearing, the alternation of deformation and recovery by the collision of 
asperities produces AE responses. In this region same as hydrodynamic lubrication region, 
viscous friction between fluid layers generates AE waves. This mechanism can be 
understood to be the effect of resultant force excreted from the mating asperities to the 
lubricant fluid that generates high frequency AE waves due to shearing in lubricant layers, 
Figure 5.6. Further details are given in Section 5.3.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 AE signal generated due to shearing in the lubricant fluid 
Surface dimension 
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5.3.1 Asperity Collision Induced Emissions 
As discussed in Section 5.2, direct asperity contact is one of the main sources of AE 
excitations in the sealing gap and not only for mechanical seals [16] but also for other 
rotating elements such as journal bearings [192] has been well documented. 
As schematically shown in Figure 5.7, the sliding movement of mating faces causes a 
bending load on contact asperities when a pair of asperities approach each other and then 
release when they leave the interaction area. This compression and release generates high 
frequency vibration responses. As long as the contact load stays light, dynamic-response 
stress distribution is confined to an area near the interface. At higher contact loads, the stress 
field around each true contact spreads and starts to interact with the stress fields of the other 
contacts, eventually developing into a full stress field in the body. Because the system is 
dynamic, these contact stresses lead to waves in the bodies and transport some of the energy 
away from the contact areas [193]. 
Figure 5.7 AE wave generated due to bending of asperities in direct contact 
Surface dimension 
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5.3.2 Flow Induced Emissions in Asperities 
The purpose of this section is to describe analogies between fluid-asperity friction and 
asperity-asperity friction. Focus is paid to explain how the hydraulic force caused by the 
lubricant flow leads to the development of a vibratory behaviour in the surface asperities. 
Fluid flow over a rough surface exhibits an analogous behaviour with direct asperity contact 
where local pressure fields develop around the asperities on a surface. At low Reynolds (Re) 
numbers, the influence of pressure fields remains local. As Re increases by increasing the 
rotational speed of shaft, the pressure field around each asperity spreads and starts to interact 
with the pressure fields around the others [67]. It should be immediately noticed that F.Y. 
Edward [16] calculated the Re number for different rotational speeds of shaft. Based on his 
calculations the Re at rotational speed of 1500 RPM is 239557 and hence the fluid flow in 
this research is laminar, however some turbulences accrue locally around the asperities due 
to development of boundary layer. 
In spite of the above analogies, the nature of contact of a fluid flow over a rough surface 
differs from that between two solids. In solids actual contact takes place between crests of 
waves or tips of asperities while at the fluid interface, contact develops everywhere. In the 
case of a fluid, boundary layers develop and carry momentum into the free-stream flow that 
my cause flow induced vibration (FIV). Flow induced vibration is a wide area of research 
itself and can be generated due to different source mechanisms. These mechanisms are 
beyond of the concept of this thesis, interested readers may refer to references [194, 195] for 
a comprehensive review and detailed discussion.  
Historically the first attempts to suppress flow induced vibration are found in the civil 
engineering design of chimneys and suspension bridges [196]. Recently, following the 
exploration of oil in deep waters, it became a real concern for the offshore industry [194]. 
Flow induced vibration also may happen in internal flow. As an example flow of a fluid 
through a pipe that can impose pressures on the walls of the pipe causing it to deflect under 
certain flow conditions. This deflection of the pipe may lead to structural instability and 
vibration of the pipe [197]. 
The evidence of flow induced vibration has been well documented [194, 195]. However, the 
effects of stress field of lubricant flow on the AE excitation of micro scale size asperities has 
not been reported yet.  
Based on the above understandings, it is not difficult to imagine that a type of flow induced 
vibratory behaviour can also take place in the asperities of the sealing gap. To explain this, 
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three different position of interacting zone are considered to explain the changes in the fluid 
velocity as schematically shown in Figure 5.8. 
 
 
 
 
(a) After interaction  (b)During interaction      (c) Before interaction 
   Figure 5.8 The changes in fluid passing area confined between asperities  
Since the flow rate of lubricant flow, Q, is constant (as long as sealed pressure is constant) 
hence: 
12221121 VVVAVAQQ >→=→=       (5.8) 
23223323 VVVAVAQQ <→=→=       (5.9) 
Based on Equations (5.8) and (5.9), the velocity of flow first increases and then decreases 
since asperities approach and left each other. Considering the Bernoulli Equation as follow: 
ctehgVP =++ ρρ 2
2
1
        (5.10) 
Where P  and ρ  are fluid pressure and density respectively, it is easy to conclude that  
2312 PPandPP ><         (5.11) 
Having demonstrated the changes in fluid velocity and pressure caused by the relative 
movement of asperities, the changes in fluid forces can be explained. Two component of 
fluid flow are considered, viscous friction (drag) force, DF , and pressure force, PF . Figure 
5.9 shows schematically how these forces change during interaction of asperities with flow 
fluids. The resultant force, RF , is shown by red colure. The value of drag force depends on 
sliding speed while the pressure force is a function of pressure. 
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(a) After interaction     (b) During interaction  (c) Before interaction 
        Figure 5.9 The changes in the fluid forces excreted into asperities 
Considering asperities as free end cantilever beams, the change in the value and direction of 
resultant force excreted on every single asperity may cause a bending moment. 
Consequently, the deflection and recovery of asperities may produce high frequency acoustic 
emission waves that is modelled in Section 5.6. This energy is then directly converted into 
heat as it is absorbed into the random motion of the molecules by viscosity [66].  
5.3.3 Friction Induced Emissions in Fluid Lubricant 
The purpose of this section is to explain the mechanism of friction-induced emissions in the 
lubricant film that is confined between the mating surfaces. In general, few researches are 
available in the field of fluid borne sound [198], consequently the interest of this section 
emerges from the lack in literature of studies focused on the acoustic emission signals 
generated from such vibrations. 
As has been discussed in Chapter 2, the tribological behaviour of fluid film varies under 
different lubrication regimes. In the boundary lubrication regime, a thin fluid film is confined 
between the mating faces and shows specific properties that strongly differ from those of the 
hydrodynamic lubrication regime. These changes have been extensively studied in the 
literature [199, 200]. 
The friction response of such confined layers under shear stress can be complex and depend 
on the operating conditions, the nature of the surfaces and their mechanical and topographic 
characteristics, as well as the nature and shape of the confined fluid molecules [201, 202]. 
These responses transmit energy from the flow to the surrounding solids as well as dissipates 
the kinetic energy of the flow as viscous shear stresses perform work. 
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The mechanism studied most widely to investigate the friction induced vibration is often 
called the mechanism of the falling friction characteristic as shown in Figure 5.10 [60, 203, 
204].  
Figure 5.10 Single degree of freedom friction drive oscillator 
This system composed of a mass held against a moving band with a confined lubricated 
interface that is considered a viscoelastic medium. During shear in fluid layers the contact 
area consists of some independent adhesive junctions. At any time of shear, individual 
junctions are continuously formed and broken incoherently. Each junction remains in the 
bonded state until it is elastically stretched under shear, up to a yield distance beyond which 
it becomes free as schematically shown in Figure 5.11. It should be immediately noted that 
a critical sliding velocity is needed at the junction becomes free under shear. As a result of 
alternative forming and breaking the junctions, an integrated water film is difficult to form 
or being destroyed on the point of forming. This generates vibration in the spring and mass 
system as has been reported by Sinou et. al [203].  
(a) Bonded junction   (b) Stretched junction  (c) Free junction 
Figure 5.11 Shear induced vibration [203] 
In case of fluid layers confined between the mating faces in the sealing gap, the changes in 
the value and direction of resultant force (excreted from the mating faces to the lubricant 
layers) may cause a vibratory behaviour in fluid that generates high frequency acoustic 
emission waves as has been shown in Figure 5.6. Various models have been proposed in the 
literature to characterize this type of fluid induced vibrations [203], however no work has 
been published on modelling the AE signals generated by this mechanism.  
Spring  
Mass 
Damper  
Sliding belt 
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5.4 Contact Mechanics of Randomly Rough Surfaces  
Greenwood and Williamson [205] pioneered the so called “asperity-based model”. Based on 
this approach the contact of two engineering flat surfaces with roughness Rq1 and Rq2 can 
be estimated by converting it into the contact between two surfaces; one is assumed smooth 
and the other is a rough surface with equivalent roughness 22
2
1 RqRqRq += . The 
model assumes that: (1) the rough surface is isotropic; (2) the rough surface covered with a 
large number of asperities with spherical summits distributed with a density D , i.e. the 
number of summits per unit area; (3) all the asperity summits have equal and constant radius 
of curvature while the asperity heights vary randomly; (4) there is no interaction between 
neighbouring asperities; and (5) there is no bulk deformation. The existing literature shows 
extensions of the Greenwood and Williamson model over the last three decades. These 
models differ in their assumptions related to surface and asperity geometry and material 
properties, a great review is found in [206]. 
Of particular interest to the modelling goal of this thesis is the surface model in which 
asperities are allowed to form contact on both tips and shoulders. In the derivation of the 
equations for such a contact, the behaviour of the asperities is initially elastic. As the contact 
load is increased the elastic behaviour continues to describe the deformation until a critical 
interference is reached. At this critical load and beyond, the asperity deforms as a purely 
plastic body [205]. However F.Y. Edward [16] evaluated the degree of plastic deformation 
of the mechanical seal faces employed in this work and reports that the plastic deformation 
of asperities is just about one in one thousand asperity contacts. Hence to model the asperity 
contact it is logical to assume that the asperity deformation is pure elastic in this thesis. 
Based on Greenwood and Williamson model the probability that a particular asperity has a 
height between z  and dzz + above the reference plane is defined as )(zf . Based on 
Figure 5.12 if two surfaces come together until their reference planes are separated by a 
distance 𝑑𝑑 then there will be a contact (shaded in Figure 5.12) and the load is supported by 
those asperities whose height are originally greater than d. Thus the probability of making 
contact at any given asperity of height z is [206, 207]. 
∫
∞
=>
d
dzzfdzp )()(         (5.12) 
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Figure 5.12 Greenwood and Williamson for contact model 
It was assumed that the number of asperities per unit area is D, thus the expected number 
of contacts in any unit area is: 
∫
∞
=
d
dzzfDn )(          (5.13) 
The well-known solution for the single contact between two elastic bodies was developed in 
the late nineteenth century by Hertz. Hertz theory describes the contact between two elastic 
spherical bodies (radius R1 and R2, respectively) with perfectly smooth surfaces. The 
assumptions for what has become known as the Hertz contact theory are: (1) the contact area 
is elliptical; (2) each body is approximated by an elastic half-space loaded over an elliptical 
contact area; (3) the dimensions of the contact area must be small compared to the 
dimensions of each body and to the radius of curvature of the surfaces; (4) the strains are 
sufficiently small for linear elasticity to be valid; and (5) only a normal pressure is 
transmitted and the contact is frictionless in the direction of normal pressure. 
Assume that the spheres are squeezed together by the normal force W , the deformation field 
in the solids can be determined by minimizing the elastic deformation energy [207]. The 
radius of the circular contact region, a , and the maximum deflection in the contact area ,
δ  , are given by Equations (5.14) and (5.15) respectively [205, 207]. 
3
1
)(
E
WRa =           (5.14) 
3
1
2
22
)(
RE
W
R
a
=→= δδ         (5.15) 
Contact area Smooth surface 
Reference plane in the rough surface 
d 
δ 
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where W  is the normal load supported by a single asperity, R  and E  are the radius of the 
curvature in the contact area and the Hertzian contact modulus (composite Young’s modulus 
of elasticity) respectively given by: 
21
111
RRR
+=          (5.16) 
)11(
4
31
2
2
2
1
2
1
EEE
νν −
+
−
=         (5.17) 
where: 
1E and 2E  are the Yong’s modulus of the two sphere materials respectively 
1ν and 2ν  are the corresponding Poisson’s ratio 
1R and 2R  are the radius of contact asperities 
The rest of this chapter aims to model strain energy released based on novel acoustic 
emission sources at the sealing gap i.e. asperity collision, fluid induced deformation and 
viscous friction as previously discussed. The two formers are modelled based on the dynamic 
bending of asperities which is more consistent with physics of such a sliding contact rather 
than previous works [187] where asperity deformation was considered simply in the 
direction of the contact load. Viscous friction is also modelled based on tangential viscous 
friction force acting in the sliding direction of the mating faces.  
5.5 Modelling Asperity Collision 
Conventionally the friction force in the direction of sliding between a pair of contact 
asperities is defined by [2]: 
∫∫=
sA
sf dAF τ          (5.18) 
where sA  and sτ  are the actual area of a contact and shear stress at the asperity contact 
respectively. Thus if the friction stress is constant, the friction force is proportional to the 
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real area of contact and will be roughly proportional to the normal load. Therefore, the 
coefficient of friction of a single asperity, f, can be expressed as: 
s
s
P
f τ=           (5.19) 
where sP is the normal stress in a single asperity contact. It should be immediately noted 
that recent experimental evidence shows that the friction stress sτ  is scale dependant. 
Consequently there is a significant change in the friction stress as the contact area changes 
and this difference is greater than an order of magnitude [61]. Therefore it is not logical to 
substitute sτ  from Equation (5.19) into Equation (5.18) unless it is assumed that the contact 
radius is smaller than a critical value as presented in the work of Hurtado and Kim [208]. 
Therefore, rearranging the integral in Equation (5.18), the tangential friction force acting 
between a pair of contact asperities will be: 
WfdAPfdAF
ss A
s
A
sf === ∫∫∫∫τ        (5.20) 
where W is the normal contact load between a pair of asperities. Assuming asperities behave 
like an end-loaded cantilever beam, the elastic strain energy released during bending of a 
single asperity can be expressed as (see Appendix A for details and proof) : 
EI
F
U fiAE 6
32δ
=          (5.21) 
where fF  is the friction force between a pair of asperities, δ is the maximum deflection in 
the contact area, E  is the Hertzian contact modulus and I  is the area moment of inertia, 
(see Figure 5.13): 
 
 
 
Figure 5.13 Schematic of the bending of an asperity during sliding contact 
Reference plane in the rough surface 
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Substituting friction force, fF , from Equation. (5.20) into Equation. (5.21) results in: 
EI
WfUiAE 6
322 δ
=          (5.22) 
Since dz −=δ  (see Figure 5.12), thus the mean frictional acoustic emission strain energy 
released in a single asperity contact is 
∫
∫
∞
∞
−
=
d
d
iAE
dzzf
dzzfdz
EI
WfU
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)()(
6
3
22
       (5.23) 
The total strain energy released in the asperity contacts UAE can be expressed as 
iAEAE UnAU =          (5.24) 
where A  is the apparent asperity contact area and n is the number of contacts in unit area 
given by Equation (5.13). Substituting Equation (5.23) into Equation (5.24) and considering 
n from Equation (5.13), the total frictional energy is: 
∫
∞
−=
d
AE dzzfdzEI
WfDAU )()(
6
3
22
       (5.25) 
If the sliding speed of the moving surface is V, then the time needed for the release of 
individual asperity contact can be calculated based on the radius of contact area, see Equation 
(5.3): 
V
R
V
a
V
St
δ44
===         (5.26) 
where, a , δ , R  and s  are the radius of contact area, elastic deflection and equivalent 
radius of the curvature in the contact area respectively described by Equations (5.14) to 
(5.16) respectively. Thus substituting δ with z-d, the mean elastic discharge time is: 
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∫
∫
∞
∞
−
=
d
d
dzzfV
dzzfdzR
t
)(
)()(
4        (5.27) 
Dividing Equation. (5.25) by Equation. (5.27), the rate of strain energy released can be 
expressed as: 
∫
∫∫
∞
∞∞
−
−
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d
ddAE
AE
dzzfdzREI
dzzfdzzfdzVWfDA
t
UU
)()(24
)()()( 322
     (5.28) 
The total number of asperity contacts between two surfaces can be defined as:  
∫
∞
=
d
tot dzzfDAN )(          (5.29) 
It would be convenient to standardize the probability density function using a standardized 
variable 
Rq
zz =*  where Rq is the standard deviation of asperity height distribution. Then 
the standard separation is equal to
Rq
dd =* . Moreover, an auxiliary function can be defined 
as follows. This function has been used extensively in the literature [186, 187, 205]: 
**)(*)*(*)(
*
dzzdzdF
d
n
n ∫
∞
−= φ        (5.30) 
where *)(zφ  is the standard height distribution. Suppose that a portion ke of the elastic 
strain energy is converted to AE pulses and the gain of the AE measurement system is kg, 
using Equations (5.28) to (5.30) the rate of AE energy release can be expressed as: 
*)(24
*)(
2
1
3
22
dFREI
dFVWfN
KKU totgeAE =       (5.31) 
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Substituting Equation (5.31) into Equation (5.7), the relationship between AE RMS and the 
strain energy released during direct asperity contact can be expressed as: 
*)(24
*)(
2
1
2
1
3
dFRIE
dFVN
KKWfV totgerms =       (5.32) 
This Equation is important because it helps to estimate the contact load supported by 
asperities from non-intrusive acoustic emission measurements, which is a critical parameter 
to evaluate lubrication conditions in industrial applications. The model presented in Equation 
(5.32) is completely fitted with the experimental work of F.Y. Edward et al.[187], they 
reported that the relationship between AE RMS value and the contact load is linear with a 
coefficient of determination close to unity (R2 =0.99), Figure 5.14. However, their theoretical 
model is not able to truly predict this trend. In their work, the contact load supported by a 
mechanical seal face was calculated using the well-established mechanical performance 
calculation software available at John Crane UK. 
Figure 5.14 AE from mechanical seals running with different contact loads [187] 
5.6 Flow Induced Asperity Deformation Model 
Since this type of acoustic emission source does not include direct asperity contact, the 
traditional form of contact mechanics of rough surfaces is not applicable. Hence the 
Greenwood and Williamson theory of contact model is adopted for fluid induced asperity 
deformations. 
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Based on Figure 5.15, if the sealing gap is filled with the lubricant fluid that rotates with the 
speed of V and two surfaces come together until their reference planes are separated by a 
distance d, there will be the potential of some fluid induced asperity deformations (shaded 
in Figure 5.15). This causes an alternation between asperity elastic deformation and recovery 
in moving asperities whose height are originally greater than d. This means that elastic 
deformation of those asperities whose height are less than d is not considered, see Figure 5.5 
as well. 
Figure 5.15 Contact model adopted for fluid induced asperity deformation 
Hence the Equations (5.12) and (5.13) can be applied with the new definition. Here P is the 
probability of asperity deformation due to fluid flow at any given height of asperity and n is 
the expected number of fluid induced asperity deformations in any unit area. 
According to Newton’s viscos law, the tangential stress acting on the free end of an asperity 
due to the fluid stress field can be expressed as Equation (5.34). It should be noted that the 
elastic deformation ,δ , is approximately equal to the lubricant film around the asperities: 
δ
µτ V=          (5.33) 
The fluid induced tangential friction force is given by: 
∫∫=
0A
f dAF τ           (5.34) 
where A0 is the fluid induced asperity deformation area of a single asperity from the top 
view. It is assumed that the deformations in the shape of this area due to bending moment is 
negligible. Substituting Equation (5.33) into Equation (5.34) gives the fluid induced 
tangential friction force: 
Deformation Smooth surface 
Reference plane in the rough surface 
d 
δ 
Fluid flow 
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0A
VFf δ
µ=           (5.35) 
Assuming asperities behave like end-loaded cantilever beams, the elastic strain acoustic 
emission energy released during bending of a single asperity can be expressed as (see 
Appendix A for details and proof)  
EI
F
U fiAE 6
32δ
=          (5.36) 
Substituting Equation (5.35) into Equation (5.36) and assume that the released strain energy 
is significant for asperities who’s their height is larger than the average height of asperities, 
the mean energy release of one asperity deformation is 
∫
∫
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The total strain energy released UAE can be expressed as: 
iAEAE UnAU =          (5.38) 
where A0 is the total deformation area and n is the number of fluid induced deformations in 
unit area given by Equation. (5.13). Substituting Equation (5.37) into Equation (5.38) and 
considering n from Equation (5.13), the total frictional energy yield: 
∫
∞
−=
d
AE dzzfdzEI
VADAU )()(
6
)( 20µ       (5.39) 
If the sliding velocity of the surface is V, then the time needed for the elastic deformation of 
an individual asperity can be expressed as: 
V
lt s2=           (5.40) 
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Where sl  is estimated by the displacement of the free end of one asperity (see Figure 5.16):  
Figure 5.16 Illustration of sliding distance in fluid induced deformation of asperities 
Based on the theory of deformation of beams, the displacement of the free end loaded 
cantilever beams can be expressed as [209]:  
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3
=          (5.41) 
Where L  is the length of beam. Substituting fF  from Equation (5.35) into Equation (5.41) 
and set L=δ, the displacement of free end of each asperity is: 
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Substituting sl  from Equation (5.42) into Equation (5.50) and set δ=z-d, the mean energy 
release time during the asperity deformation is: 
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Dividing Equation. (5.39) by Equation (5.43), the rate of energy release can be expressed as: 
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The total number of asperity deformations between two surfaces can be defined as:  
Reference plane in the rough surface 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
110 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
∫
∞
=
d
tot dzzfDAN )(          (5.45) 
Suppose that a portion ke of the elastic strain energy is converted to AE pulses and the gain 
of the AE measurement system is kg, using Equations (5.30) and (5.45), the rate of energy 
can have rewritten as: 
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Substituting Equation (5.46) into Equation (5.7), RMS voltage of AE signal generated by 
flow induced asperity deformation in terms of sliding speed and viscosity can be expressed 
as: 
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Based on Equation (5.47) sliding speed, deformation area of asperities, the number of 
asperity deformation, viscosity of the sealed fluid and surface topographic characteristics 
influence the energy of the AE signal generated by fluid induced deformation.  
5.7 Viscous Friction Model 
Friction between fluid layers consists of three components i.e. sliding component, rolling-
or- squeezing component and a geometrical component. Because of the simple sliding 
movement of the seal faces the last two friction components are negligible and only become 
of interest in the case of pure rolling [2]. Hence in this thesis the tangential viscous friction 
caused by shear of the lubricant at the sealing gap is modelled. 
In 1991 Lebeck [1] used a finite volume of fluid bounded within two arbitrary surfaces to 
characterize general lubrication theory at the sealing gap, Figure 5.17. 
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Figure 5.17 Cartesian geometry for general lubrication theory [1] 
where: 
ρ   is fluid density 
zyx ,,  are Cartesian coordinates 
g   is gravitation force in direction (x, y and z) indicated [m/s2] 
fP   is sealed pressure [Pa] 
µ   is absolute viscosity [Pa/s] 
wuv ,,  are components of velocity along zyx ,, Cartesian coordinate directions 
[m/s] 
Considering the Cartesian geometry, the Navier-Stokes equations can be applied to describe 
the pressure and fluid motion at the sealing gap. The structure of Navier-Stokes equations is 
as follow: 
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     (5.48) 
Lebeck used some simplifications and assumption to simplify the equations, these 
assumptions which are matched logically with the physics of sliding motion at the siling gap 
can be expressed briefly as [1]: 
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1- The first term ( gρ ) in each equation represents gravitational force and could be 
neglected. 
2- The term on the right hand side of each equation represents the inertia effect and 
could be neglected in comparison with viscous forces. 
3- The fluid flow is laminar because the lubrication film is thin compared with other 
dimensions. 
4- Fluid is considered to be Newtonian (because the shear stresses in the lubricant are 
relatively low). 
5- If z axis is aligned with the thin direction of the lubrication film then the velocity 
gradients of u and v with respect to z are much larger than all other velocity gradients. 
Using all of these simplifications plus that ( 0=
dz
dp f , for thin film), the Equations (5.48) 
can be rewritten as:  
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Considering the boundary conditions, the components of fluid velocity in x and y directions 
can be expressed as (see [1] for details and proof): 
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For the basic acoustic emission model being derived in this section, only a very simple 
velocity field is needed. Hence assuming a linear pressure profile between atmospheric 
pressure and sealed pressure, the pressure gradient in the radial direction would be constant: 
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Differentiating Equation (5.50 and 5.51) with respect to z read: 
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Thus (based on Newton’s viscous flow law), the components of shear stress acts in the 
sliding direction ( zxτ ) and y direction ( zyτ ) (see Figure 5.18) can be expressed as Equations 
(5.55) and (5.56) respectively: 
Figure 5.18 Stress components acting on a differential element of fluid 
h
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Due to the extremely thin sealing gap that exists between mating faces, it is logical to claim: 
h
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Therefore only the shear stress component that acts in the sliding direction ( zxτ ) is considered 
and Equation (5.56) can be ignored. Based on Equations (5.55) and (5.57) shear stress 
component acting in the sliding direction can be rewritten as: 
h
U
zx µτ =           (5.58) 
The component of viscous friction force acting on any arbitrary differential element of fluid 
is (Figure 5.19): 
dAdF zxx τ=           (5.59) 
Figure 5.19 Differential elements in viscous friction model 
Where b  is the seal width. Suppose that a portion ke of the elastic strain energy is converted 
to AE pulses and the gain of the AE measurement system is kg, the acoustic energy release 
rate (power) at the mentioned differential element of fluid is given by: 
∫∫= xgeAE dFuKKU           (5.60) 
Substituting 
xdF  from Equation (5.59) and considering the maximum velocity component 
at sliding direction as U , integrating Equation (5.60) will result in:   
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Where mr  is the mean radius of seal face area. Substituting Equation (5.61) into Equation 
(5.7) reads: 
U
h
brKKV mgerms
µ
π2=         (5.62) 
This Equation can explain the AE activities generated from viscous friction of the lubricant. 
Equation (5.44) shows clearly that the fluid shearing induced AE is greater when rotational 
speed and lubricant viscosity are higher. However, this type of excitation has little 
connection with sealing pressure.  
To connect the AE activities with waviness of mating faces, the film thickness for an outside 
pressurized seal with coning angle equal to zero is defined as follows [1] 
))(cos1(min θkAhh ++=         (5.63) 
where minh is the minimum film thickness, A the amplitude of the waviness, k the number of 
waves on the circumference and θ is an angle in polar coordinates which covers from 0 to 
2π , see Figure 5.20. 
Figure 5.20 Waviness amplitude 
Substituting Equation (5.63) into Equation (5.62) results in (it should be noted that in this 
thesis the sliding speed of mating faces is noted by V, that is why U in Equation (5.62) is 
substituted by V in below Equation): 
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5.8 The Effect of Source Mechanisms on the AE Signal 
This section aims to explain the effect of acoustic emission source mechanisms on the type 
of generated AE signals based on the tribological behaviour of mechanical seals.  
To connect the future results with developed models, two types of asperity deformation 
(whether it is in direct contact or caused by fluid flow) are defined in this thesis, peak asperity 
deformation and massive asperity deformation. The former refers to the situation that elastic 
deformation happens in some peak asperities which those heights are greater than the 
average value of all asperity heights (hatched in Figure 5.21 ). Peak asperities are typically 
few in number and are generated with comparative ease using process including grinding 
[210]. The latter refers to deformation of those asperities that their heights are around the 
average value of all asperity heights, that is why the term ’massive’ is used. 
Peak asperity deformation in direct contact may happen at lower speeds and before mating 
faces come to the contact in boundary or mixed lubrication regimes. By increasing the sealed 
pressure (which means reducing the sealing gap) more asperities come to contact and 
massive asperity contact occurs, Figure 5.21. In this situation burst type responses are 
generated due to contact of peak asperities while the asperities whose heights are around the 
average generate continuous type responses. This can be better understood by considering 
Equations (5.22). In peak asperity deformation more deformation energy is released in every 
rotational period of shaft due to bigger values of δ (maximum deflection in the deformation 
area). Hence the generation of burst type responses is expected. 
By increasing the speed to the transition point, seal faces become separated gradually and 
hence fluid induced deformation occurs in those asperities whose heights are around the 
average of asperity heights (massive deformation) that generates continues responses. In the 
meantime, some direct asperity contact still occurs in the tips of peak asperities due to the 
fact that seals are not fully separated, this generates burst type responses. 
As the speed increases gradually, the mating faces become fully separated and flow induced 
asperity deformation happens in peak asperities as well as massive ones. In this situation 
burst type responses are generated due to deformation of peak asperities, Equation (5.36), 
while the asperities whose heights are around the average generate continuous type 
responses. 
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Figure 5.21 The concept of peak and massive asperity deformation 
5.9 Main Findings 
This chapter proved an approach to mathematical modelling of strain energy released during 
the deformation of asperities as well as shearing of the sealed fluid in the sealing gap. The 
deformation of asperities occurs due to collision and interaction of asperities in the boundary 
and mixed lubrication region, while in the hydrodynamic lubrication region the flow induced 
effects of moving fluid can cause bending of asperities when a pair of asperities approach 
each other and then release when they leave the interaction zone.  
Based on the mathematical models developed in this work, in direct asperity contact the root 
mean square (RMS) value of AE signal is linearly proportional to the coefficient of friction 
and contact load. Also it is proportional to the square root of sliding speed. In viscous friction 
and flow induced deformations, the effect of sliding speed is dominant. In both models the 
root mean square of AE signals increases linearly with sliding speed, also it is proportional 
with square root of viscosity. In all models topography of the contact zone as well as asperity 
height distribution play an important role.  
  
Sliding direction 
Sealed Pressure 
Average value of asperity heights 
Opening forces 
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Chapter Six; 
6 Experimental Set up Facilities 
 
This chapter details the test facilities employed for studying the condition monitoring of 
mechanical seals. The Chapter has four main parts. The first part provides the design 
objectives as well as the limitations of the previous structure of the test rig. The second part 
discusses the development of new test rig for the purpose of condition monitoring of face 
seals. This includes the main body of the rig and auxiliary fluid circulating system. This is 
followed by the third part where the arrangement of the sensors is discussed along with the 
data acquisition system. In the last part, the test procedure and fault simulation program 
applied in this work is discussed. 
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6.1 Introduction 
In order to verify the theoretical models developed by the author in practical applications, 
experimental data i.e. Stribeck-like friction curves are required. In the literature most of the 
studies related to tribological AEs have been undertaken in the form of pin on disk or pin on 
cylinder in laboratories (as discussed in Section 4.2.2). Since mechanical seals operate under 
quite different conditions in industrial application, it is impractical to study the tribological 
behaviour of mechanical seals using these test facilitates.  
Little information on condition monitoring of mechanical seals using industrial test rigs are 
available. Very often important information on seal design, fluid temperature, operational 
conditions, sensors configuration and set up is left out. Also most of the previous research 
has major limitations (e.g. realistic faults has not been simulated) as discussed in Section 
1.4.2. Therefore, this thesis designed and constructed a new mechanical seal test rig for 
condition monitoring research purposes. The rig will be used for developing appropriate data 
analysis methods to extract useful information for early fault detection and diagnosis. 
The test rig was based on preliminary design by F.Y Edward, see [16]. However, a number 
of modifications were made to allow accurate measurements and realistic fault simulation. 
6.1.1  Limitations of the Primary Design  
One of the major limitations in the work of F.Y. Edward [16] is that he tried to prove his 
direct asperity contact model based on the data that has been recorded mainly under the 
hydrodynamic lubrication regime. He focused on a fairly small range of low pressures and 
relatively high speeds, once the test rig operates outside that range the mathematical model 
diverges. The main limitations of the primary design of the mechanical seal test rig are: 
1. Two mechanical seals were employed, this may lead to cross talk from dummy seal. 
Moreover, this configuration is unlikely to be similar to that in a real pump. 
2. It was very difficult to inspect or change the driven end mechanical seal as well as 
the shaft itself and the supporting bearings. 
3. The designed circulating system needs to exchange the frictional heat which is a 
limitation due to available space in the lab. 
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4. To simulate different tribological regimes seals are needed to be tested under 
different speeds and loads, the employed electrical motor is not convenient from the 
point of view of heat transfer. There was always a risk of breakdown due to 
overheating of the motor when running at low speeds. The proper electrical motor 
needs to have better cooling arrangement to insure adequate heat transfer is available. 
5. To simulate boundary lubrication regime, very low rotational speeds are needed 
which was difficult to achieve due to misalignment in the original rig configuration. 
In addition, the micro scale deformations of the drive shaft and bearings may 
intensify the misalignment. Changing the parts or adjusting the alignment was 
difficult as two seals had to be aligned with in ± 0.025mm (Maker’s data). 
6.1.2 Design Objectives of the Test Rig 
Hence it is necessary and essential to examine the developed models on a wide range of 
pressure and velocity combinations so that it can simulate different lubrication regimes. 
Once the effectiveness of the mathematical models is proved, then any deviation from 
normal working conditions may be considered as a developing fault. Based on the above 
discussion, the design objectives of the test rig are as follows: 
1. To ensure the test rig replicates the usual seal arrangement in practical applications 
such as pumps, real industrial mechanical seals rather than just pairs of face seal 
materials were employed. To get stronger acoustic emission signals, larger 
mechanical seals for larger pumps were selected.  
2. To ensure that the acoustic emission method developed in this thesis is easily 
applicable for industrial parts, only one acoustic emission sensor was employed. 
The acoustic emission sensor is mounted externally on the cartridge of the seal as 
it is the easiest place to access. 
3. To avoid the effect of radio frequency emissions and electrical noises on the 
sensors, the rig was grounded carefully to the earth. 
4. To pressurize the face seals in the chamber, a nitrogen vessel was used. For the 
health and safety of operation, the test rig did not use explosive or flammable 
sealed fluid to avoid the risk of fire and explosion.  
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5. To reduce the effects of frictional heat on the acoustic emission measurements to 
a minimum acceptable level, a cooling system is used to reduce the thermal effects 
on the measurements. 
6. To simulate different lubrication regimes and investigate the relationship between 
acoustic emission signals and the change of the operating parameters, the rotating 
speed of the mechanical seals and the pressure of the sealed fluid were all 
adjustable. The electrical motor was controlled by an inverter so that variable 
sliding speed of mechanical seal faces could be achieved. The load on the 
mechanical seals were adjusted by changing the water pressure in the sealed 
chamber. 
7. The test rig could simulate several types of faults such as spring faults, 
misalignment, dry running, thermal shock and leakage.  
8. Both balanced and unbalanced mechanical seals can be easily mounted on the 
drive shaft of the rig. It gives a promising potential for future studies to use 
unbalanced seals for simulating higher rates of friction and wear with no need to 
modify the rig.  
6.2 Development of the New Test Rig Facilities 
 This section aims to explain the advantages of new design of the rig. This includes both the 
main rig and the auxiliary circulating system as shown in Figure 6.1.  
Figure 6.1 New design of the mechanical seal test rig 
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6.2.1 Test Rig Construction and Components 
Figure 6.2 shows the general view of the main body of the test rig designed for the condition 
monitoring of mechanical seals. It consists of seven major parts; mechanical seal, stainless 
steel tube, body of the rig, test rig shaft, deep grove ball bearings, coupling and electrical 
motor. Some of the main dimensions of the new design are presented in Appendix C. The 
new design of the rig gives several advantages to the system: 
1. Test rig replicates usual seal arrangement in industrial applications such as pumps. 
2. Control of alignment is assured. 
3. Single seal that eliminates cross talk from the dummy seal. 
4. Seal and bearing changes are simplified, few minutes compared to hours. 
Figure 6.2 The main components of the test rig 
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Each part has been designed to do a specific function. A pusher cartridge mechanical seal 
and a stainless steel tube formed a pressurised chamber. The shaft of the test rig was 
supported by two deep grove ball bearings; ANI 6208 and ANI 6210. These bearings are 
used to transmit unbalanced axial force from rotating parts to body of the rig with minimum 
friction loss and compensate for shaft misalignment. In addition, low cost bearings allow 
possibility of investigating the effects of bearing damage on seal performance for future 
studies. The specifications of these bearings are presented in Table 6.1. 
Table 6.1 Specifications of deep grove ball bearings 
Bearing Bore diameter(mm) 
Number of 
balls 
Diameter of 
balls (mm) Pitch line (mm) 
6208 40 9 11.91 60.00 
6210 50 10 12.7 70.00 
The driven shaft is connected to a 3 kW three-phase electrical induction motor. Instead of a 
low cost electric motor as has been employed in the preliminary design, a high quality high 
power electric motor with better heat transfer was chosen for this research. This gives better 
heat control and hence it is more convenient for tribological studies. Some specifications of 
electrical motor used in this research are presented in Table 6.2. 
Table 6.2 General specifications of the electrical motor 
Manufacturer Type Number of poles 
Power 
(kW) Connection 
RPM at 
50 Hz 
Brook Crompton P-DA100LA-D 2 3.0 Star 2913 
The electric motor is mounted on the body of the rig. This part has a very important role and 
was designed to prevent small misalignments due to the micro scale deformations of the 
shaft and bearings. These deformations are generated by the weight of the shaft and may 
decrease the accuracy and repeatability of acoustic emission measurements. The weight of 
the electric motor is supported completely by this body. 
Another major difference between current research and the work of F.Y Edward [16] is the 
experimental program and test procedure. F.Y. Edward designed an experimental study to 
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demonstrate the potential of acoustic emission technique to monitor the condition of mixed 
lubricated mechanical seals. These experiments were conducted at five different speeds: 600 
rpm, 900 rpm, 1200 rpm, 1500 rpm and 1800 rpm. At each speed, 9 tests were carried out 
under different pressures: 1 bar, 1.5 bar, and 2-8 bar with an increment of 1 bar. The main 
challenges for such a test procedure are listed as follow: 
1. It is difficult to simulate mixed lubrication regime in the mentioned range of speed. 
The primary investigations in current research shows that the transition from mixed 
to hydrodynamic lubrication occurs around 600 rpm (see Section 7.3). Hence much 
lower speeds are needed to simulate different lubrication regimes, especially to 
investigate direct asperity contact. 
2. From the theoretical understanding gained in Chapter 5, the effect of rotational speed 
is more important to generate acoustic emission signals. To investigate the 
tribological behavior of mechanical seals, it is more effective to keep the pressure 
constant and increase the speed from low values to relatively high values. This may 
insure that boundary, mixed and hydrodynamic lubrication regimes are simulated. 
In this thesis, the incremental increase in speed is used under constant pressure. To achieve 
this, a speed controller is required. A Park 690 AC drive with Siemens Micro Master 
Controller was installed so that the electric motor could be run at different speeds. The 
essential advantage of an AC drive is that it offers practically unlimited induction motor 
speed control. The Siemens Micro Master Controller was installed on the rig and proved 
easy to use and was able to deliver torque and speeds accurately. Adjustment is conducted 
using a set-up panel screen that includes number of steps, time of operation (minute), and 
AC motor speed (%), Figure 6.3 
   Figure 6.3 Siemens Micro Master Controller system 
Micro controller 
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To match the specifications of electrical motor with the drive, a software is available as 
shown in Figure 6.4. Also it is possible to trace the speed and electrical features of motor 
using this software.  
Figure 6.4 Siemens Micro Master data acquisition system 
To reduce the effect of radio frequency emissions from AC drive and electrical noises on the 
sensors, the rig was grounded carefully to the earth, Figure 6.5. 
 
 
 
 
 
 
 
 
 
 
 
     Figure 6.5 Grounding cables on different components of the test rig 
The mechanical seal employed in this research is John Crane Type 1648 MP pusher 
single cartridge seal fitting for a shaft of 70 mm in diameter, as shown in Figure 6.6. This 
along with a stainless steel tube (to resist possible corrosion) formed a pressurised chamber.  
Grounding cables 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
126 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
Figure 6.6 John Crane type 1648 MP cartridge seal 
The specifications of Type 1648 mechanical seal used in this study are given in Table 
6.3. The rotating ring is made of antimony carbon and the stationary ring is reaction 
bonded silicon carbide. 
     Table 6.3 The specification of John Crane Type 1648 mechanical seal 
Description Notation Unit Value 
Maximum service pressure / bar ≤69 
Operating speed / m/s ≤25 
Operating temperature / ℃ -40 to 260 
Inside diameter of sealing interface iD  mm 80.42 
Outside diameter of sealing interface oD  mm 90.58 
Balance diameter bD  mm 82.55 
Outer periphery diameter of  the rotating face SD  mm 104.78 
Bore diameter of the seal chamber ScD  mm 163.00 
Length of the rotating component rL  mm 52.40 
Spring force sF  N 320 
Face width b  mm 5 
Maximum rubbing speed / m/s max 25 
Length of shaft L  mm 340 
Axial force from max service pressure / N 9315 
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6.2.2 New Design of the Auxiliary Circulating System 
Figure 6.7 shows the auxiliary circulating system of the mechanical seal test rig. It consists 
of several components as illustrated in Table 6.4. The function of this system is to generate 
pressure in the sealed chamber, circulate the working fluid (plain water in this research) and 
take away the friction heat produced in the sealing gap. 
Figure 6.7 Different components of the auxiliary system 
Table 6.4 Main parts of the auxiliary circulating system 
Item number in 
Figure 6.7 Description 
1 Water container 
2 Circulating pumps 
3 Radiator 
4 Heat exchanger 
5 Valves 
6 Cylinder of nitrogen gas 
7 Regulator on nitrogen cylinder 
8 Pressurized  vessel 
9 Pressure relief valve 
10 Regulator on pressurized vessel 
11 Flow meter 
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The capacity of water container is 100 litres. For all experiments in this research, the 
container was filled with approximately 75 litre of plain water. The outlet valve of the water 
container is directly connected to one of the pumps. This pump is called cooling pump which 
supplies the fresh water for outer line of the heat exchanger as shown in Figure 6.8. 
Figure 6.8 The system for supplying fresh water to the heat exchanger 
Having transferred the heat with internal line of the heat exchanger (which is pressurized 
water coming from sealing gap), the water is feed into a radiator as shown in Figure 6.9. 
This circulating path of water is called external circulation and is not connected to the 
process fluid. 
Figure 6.9 Connections to the radiator 
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During the primary investigations in this research, it has been found that the heat exchanger 
employed in the test rig is not able to keep the temperature near isothermal condition, 
especially when its external line is connected to a container with 100 litre capacity of plain 
water. Since in tribological studies on mechanical seals the temperature rise around 35 to 90 
degrees has been reported in the literature [47], keeping the temperature near isothermal 
condition is a difficult task. Hence a radiator was added to the basic design which not only 
gives more area of heat transfer to the circulating fluid but also blows the heat exchanger by 
its fan. Using this system the changes in temperature is so small (the temperature of working 
fluid was kept around 26 ±2℃ during tests) that it can be considered as a near isothermal 
conditions, Figure 6.10. The fan of radiator is directly connected to a battery. The battery is 
charged frequently by a battery charger. 
Figure 6.10 The temperature change in a test 
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The sealing gap is pressurised by the nitrogen gas above the water in the pressurized vessel 
and the pressure is controlled by the pressure regulator connected to the pressurized vessel. 
The maximum operational pressure of the system is up to 10 bar due to safety issues in the 
lab. The inlet pressure from the nitrogen cylinder to the operating system is controlled using 
an accurate multi stage regulator, Figure 6.11. 
Figure 6.11 Multistage regulator mounted on the nitrogen cylinder 
The second pump is used to circulate the process fluid, this pump is called circulating pump. 
The process fluid from pressure vessel was pumped to the internal line of heat exchanger, 
which took away the heat generated by the friction of mechanical seals as shown in Figure 
6.12. 
Figure 6.12 Connections to the radiator 
The output of the heat exchanger is connected to the sealed chamber through the hole in the 
middle of the chamber and then the process fluid goes back to the pressurized vessel through 
flush holes in the seal cartridge, Figure 6.13. The inlet and outlet of process fluid in the 
pressurized chamber was inverse in the previous design of the rig. It means that the process 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
131 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
fluid coming from heat exchanger was connected to the flush holes. This configuration may 
lead to a thermal attack on the seal material as well as increase the fluid noises that are 
recorded by acoustic emission sensor. 
    Figure 6.13 Connections from and into the chamber 
Both cooling and circulating pumps are the same, they operate like the heart of the auxiliary 
circulating system and can provide three selections of flow rate: 1.8, 2.3 and 3.3 m3/h as 
listed in Table 6.5 and shown in Figure 6.14. For all experimental work in this research the 
flow rate of pump was set to 3.3 m3/h. 
Table 6.5 The general specifications of pump 
 
 
 
Manufacturer Type Electrical specifications 
Flow rate 
(m3/h) 
Power 
consumption(w) 
Prima flow IP44 class H 
230v~ 50hz 
Single phase 
shielded 
1.8, 2.3, 3.3 55, 70,100 
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Figure 6.14 The pump employed in circulating system 
6.3 Signal Measurement 
To investigate the tribological behavior of the sealing gap, monitoring the working 
parameters of mechanical seals is necessary. This provides reliable data to correlate AE 
signals with working conditions of mechanical seals. Three main parameters are monitored 
accurately in this research; temperature, pressure and sliding speed of the mating faces as 
listed in Table 6.6 
        Table 6.6 The parameters measured in the experiments 
Description Sensor type Range  
Water temperature at the inlet  and 
outlet of the sealed chamber K Thermocouple -100 to 8100℃ 
Pressure of the circulating system Pressure gauge 0 to 25 bar 
AE sensor 
WD S/N FQ36 (peak  
frequency 263.67 kHz) 
 
100 to 300kHz 
Shaft speed Encoder  
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Developing reliable data acquisition systems for online monitoring of these working 
parameters will increase the chance of controlling them in an acceptable range. This may 
enhance the reliability of the tests and gives a guarantee that the results are achieved by off 
line analysis of the data that have been recorded under the same operating conditions. Hence 
a scientific comparison between different working conditions of mechanical seals would be 
possible either in the healthy or faulty case.  
The sensors are connected to two data acquisition systems, the configuration of the 
measurement system is shown in Figure 6.15. In this section the general specifications of the 
sensors and the data acquisition systems applied in the experimental research is presented. 
Figure 6.15 Sensor configuration and data acquisition 
6.3.1 Data Acquisition System 
Data acquisition will involve measuring the required variables (e.g. pressure, temperature, 
voltage, current, rotational speed) and turning them into electronic signals. To do so 
effectively will involve judicious choice and placement of the right type and number of 
sensors and conditioning may be necessary to reduce the susceptibility of the signals to 
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interference. Conditioners are employed for performing basic operations including 
amplification, filtering, linearization, and finally modulation/demodulation [23]  
Data acquisition systems and cards have developed significantly in the last 20 years. Before 
that acoustic emission events were investigated on oscilloscope monitors or recorded on 
tape. A few seconds of recorded signal needed many meters of tape and triggering the 
recording was complicated. With the continued development of analogue-to-digital 
converters data recording has become much faster. Today’s AE systems are able to acquire 
multiple channels simultaneously channels can be monitored continuously and stored. The 
new generation systems also enable extensive post processing possibilities. Huge amounts 
of data can be stored on hard drives and accessed for signal processing afterwards. Complete 
acoustic emission systems with integrated data acquisition cards, special software and data 
storage are available but many systems, especially those for research purposes, are PC based 
with high speed data acquisition cards. 
Two data acquisition system (DAS) are employed in this research. The first one is a multiple 
channel analogue to digital convertors (ADC) with associated software for collecting 
operational parameter’s data such as rotational speed of shaft, temperature and sealed fluid 
pressure. The second one is a two channel acoustic emission data acquisition system, channel 
one is used for collecting AE data and channel two is used for collecting encoder data. So 
the encoder data is collected from both data acquisition systems because of the important 
role of measuring the real rotational speed of the shaft in this research 
For the operational parameters, the data acquisition system was a Sinocera YE6230B, a 16-
channel high speed data acquisition system which recorded all the measurements data at a 
sampling rate of 96 kHz, see Figure 6.16. This figure clearly shows that the first channel of 
data acquisition was connected to two cables, one of them coming from the encoder and 
another is used for connecting the encoder data to the AE data acquisition card. 
Figure 6.16 Sinocera YE6230B 
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The data acquisition system is supported by general purpose YE76000 software for data 
acquisition, conditioning and analysis as part of the data acquisition system. The software 
allows data acquisition with different triggering modes, which is convenient for viewing the 
data in real time and saving data to the hard drive, Figure 6.17. 
It also possesses efficient data storage and fast data conversion to MATLAB format; 16 bit 
with 16 channels. Also it is possible for selection of different acquisition modes: 
oscilloscope, manual continuous and triggered. The specifications of the Sincocera 
YE6230B are presented in Table 6.7. 
Figure 6.17 Operational condition control system 
Table 6.7 Technical specifications of the Sinocera 
Manufacturer Sinocera YE6230B 
Number of Channels 16 channels, selectable voltage 
A/D conversion resolution 16 bit 
Sampling rate (maximum 100 kHz per channel parallel sampling 
Input range ±5V 
Gain Selectable, either 1, 10 or 100 
Filter Anti-aliasing filter 
Interface Anti-aliasing filter 
Software YE7600 
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A PAC PCI-2 commercial data acquisition system has been employed for acoustic emission 
sensor. The PCI-2 AE System is a 2-channel data acquisition and digital signal processing 
system on a single full-size 32-bit PCI-Card as shown in Figure 6.18 
Figure 6.18 PCI-2 AE System board 
During data acquisition, the waveform is transferred and processed by PAC Windows 
platform consisting of AEwinTM. The sampled AE waveforms can be continuously 
transferred and saved to the hard disk of computer depends on its capacity. The PCI-2 AE 
system specification is shown in Table 6.8. 
Table 6.8 Technical specifications of the PCI-2 AE system  
Manufacturer Physical Acoustic Corporation 
Number of  inputs 2 channels 
Input impedance 50 ohm or 1000 ohm 
Minimum noise threshold 1kHz-3MHz 
ADC Type 18bit 40 MSPS per channel maximum 
Dynamic range >85dB 
Sample rate 100 kS/s to 40 MSPS 
Operating temperature 5oC to +45oC 
DC Power 12 Volt, 1.0 amps 
Minimum noise threshold 17dB 
The configuration of the AE signal and streaming data system is shown schematically in 
Figure 6.19. 
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Figure 6.19 AE signal measurement and data streaming system configuration 
6.3.2 Temperature Sensor 
The fluid temperature at the inlet and outlet of the pressurized chamber were measured using 
two TC Ltd commercial type K thermocouples. The positions of the thermocouples are 
indicated in Figure 6.20. These are miniature (1.5 mm diameter) mineral insulated 
thermocouples with miniature flat pin plug connected to the data acquisition system through 
a preamplifier and distributor Figure 6.20 (c). The specifications of the thermocouple are 
shown in Table 6.9. 
(a) Inlet temperature  (b) Outlet temperature (c) Amplifier 
Figure 6.20 The position of temperature sensors 
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Table 6.9 Thermocouple specifications 
 
6.3.3 Pressure Sensor 
Pressure of the circulating system is measured using a pressure gage and a pressure 
transducer, Figure 6.21. The range of the pressure gage applied in this work is between 0-25 
bar. The pressure transducer used to measure the pressure of the circulating system is a 
GEMS 2200 SGB 100 1F3DA strain gauge pressure sensor. The strain gauges are small 
components that are fixed to a surface that is strained. The change in length of the element 
caused by external pressure or external force produces change in the electrical resistance. 
The electrical resistance change is processed and converted into a voltage. The specification 
of the pressure transmitter is presented in Table 6.10. 
Figure 6.21 The position of the pressure gage and pressure transducer 
 
 
Manufacturer TC Ltd 
Type K 
Sheath diameter 1.5 mm × 250 mm 
Sheath material 321 Stainless Steel 
Operating range -100 oC to 800 oC 
Accuracy  ±1.3 oC 
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Table 6.10 Pressure sensor specifications 
 
 
6.3.4 Acoustic Emission Sensor 
The acoustic emission sensor used in this research is a wide band model WD S/N FQ36 
transducer with an operating frequency range from 100 kHz to 1MHz to obtain the AE 
signals, allowing high frequency events due to frictional process to be monitored. The sensor 
has been mounted in the radial direction on the seal cartridge, since this is the closest place 
to the sealing gap with the least possible interfaces as shown in Figure 6.22. This may 
guarantee that the wave distortion is reduced to a minimum possible level. 
The electrical signal from AE sensor is usually very weak. It needs to be amplified otherwise 
it would attenuate rapidly when it travels over the relatively long distance to the data 
acquisition card. The pre-amplifier must be located close to the transducers to eliminate 
signal loss from the connecting cable, usually within one meter of wire length. Sometimes 
pre-amplifiers are integrated into the sensor housing. The signal is usually amplified by 20 
dB to 60 dB, which is between 10 and 1000 times the input signal voltage. Some pre-
amplifiers are also fitted with analogue filters to eliminate and reject the noise from outside 
of sensor operating range, especially low frequency noise. 
The specification of the AE sensor is as shown in Table 6.11. The calibration certificate of 
the acoustic emission transducer is presented in Appendix B. The output signal from AE-
sensor was pre-amplified by 40 dB through a preamplifier 20/40/60 dB gain. In this research 
the gain was set to 40 dB. The signal from amplifier is acquired by a 2 MHz high speed data 
acquisition system with 16 bit resolution as discussed in Section 6.3.1.  
Manufacturer GEMS 
Type 2200 SGB 100 1F3DA 
Supply D.C 11.5 to 35 V 
Output 0 to 10 V 
Operating range 0 to 10 bar 
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Figure 6.22 AE sensor mounted on the seal cartridge 
Table 6.11 AE sensor specifications 
 
 
 
6.3.5 Shaft Encoder 
Encoder or speed transducer is widely used for measuring the output speed of rotating 
machines such as electrical motors. This sensor is coupled and installed to the end of the 
electrical motor shaft and generates electrical signals due to rotation of the shaft, Figure 6.22. 
The encoder used is economic for small devices, has a long life and very small torque ball 
bearings. Specification of the encoder is shown in Table 6.12. 
 
  
 
 
 
Figure 6.22 Shaft encoder 
 
Manufacturer Physical Acoustic 
Type Wideband AE Sensor 
Model WD FQ 35 
Peak sensitivity 64.50 dB ref 1V/µbar 
Frequency response Peak frequency 263.67 kHz 
Frequency range 100 kHz to 1 MHz 
Operating range -45 oC  to 125 oC 
Shaft encoder 
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Table 6.12 Shaft encoder specifications 
Manufacturer HENGSLER 
Type RI 32 
Mounting Round flange 
Number of pulse per revolution 50 
Maximum speed 6000 rpm 
Operating temperature –10 to 60 oC 
Supply voltage DC 10 to 30V 
6.4 Surface Roughness Measurement  
The mechanical seal applied in this research is not brand new. Thus it is necessary to measure 
the roughness and waviness of the mating faces to insure that the surface topography of 
sealing gap meet the manufacturer’s requirements of John Crane before the test. To achieve 
this, a Taylor Hobson Form Talysurf series 2 has been employed to examine the surface 
topography of the mating faces before and after the test, Figure 6.23. Form Talysurf Series 
2 is a comprehensive range of high performance hardware and software that offers precision 
evaluation of different surface topography parameters of mating faces.  
Figure 6.23 Taylor Hobson Form Talysurf applied in this research 
Before and after the tests, both rotating and stationary faces were examined. Eight different 
samples have been selected on the mating faces. The attempt was paid to pick up the data 
from the same samples before and after the tests. To achieve this, a reference point has been 
selected on both stationary and rotating rings. Then the periphery of both rings has been 
divided to 8 different samples. The first data point was approximately matched on the 
reference point. After that the specimen was rotated clock wise to reach the next sample. 
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This procedure has been carried out for both rings. The data length and the speed of Talysurf 
probe were set to 4.8 mm and 1 mm/s respectively. An example of surface profiles obtained 
during the measurements is presented in Appendix D. The results of the surface 
measurements are presented in Appendix E.  
6.5 Test Procedure and Fault Simulation 
To investigate the tribological behaviour of mechanical seals and prove the potential of 
acoustic emission measurements to detect the faults at early stages, a comprehensive 
experimental program is needed. The experimental study in this thesis includes two main 
programmes: investigate the tribological behaviour of mechanical seals which is the base 
line analysis in this research and then fault simulation. The former includes four different 
tests; sealed free test, static test, transient test and test under different speed and pressures. 
The main objective of these tests is to find a proper frequency range that can present the 
tribological behaviour of sealing gap. As discussed in Section 5.3, the novel AE sources 
introduced in this study include fluid friction, deformations of asperities due to direct 
asperity contact, and fluid induced asperity deformation. The difficulty of the research lies 
in the highly interacting influence of deformations of different AE sources on the generation 
of acoustic emission signals during the operation. 
Since there is neither experimental proof nor theoretical model to prove which of the 
mentioned acoustic emission source mechanisms plays a dominant role, this experimental 
program aims to examine how acoustic emission features changes by changing the operating 
conditions as well as proving the mathematical models presented in Chapter 5. This may 
demonstrate the potential of external AE measurements to monitor the lubrication state 
and frictional behaviour of mechanical seals under different operating conditions.  
The fault simulation program includes three different tests; partial dry running test, spring 
fault test and defective seal test. The main objective of the fault simulation program is to 
understand how acoustic emission features change under fault conditions as well as 
performing a robust comparison against the baseline. This may pave away for early fault 
detection in industrial applications. Table 6.13 summarises the experimental program carried 
out in this this thesis. These tests are discussed further in the rest of this section. 
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Table 6.13 Summary of experimental program 
 
Experimental 
program 
Test 
Operating parameters 
Purpose 
Sealed 
pressure (bar) 
Rotational 
speed (rpm) 
Base line 
tests 
Seal free test Not pressurized 
120, 180, 240, 
300,360,450, 
600, 900, 1200 
and 1600  rpm 
Evaluating the 
noises of the test 
rig. 
static test Not pressurized 
The shaft was 
turned 
manually 
Investigate the 
frequency range 
related to rubbing of 
faces. 
transient test 0 bar, 4 bar and 8 bar 1500 rpm 
Investigate the 
frequency range 
related to AE 
events. 
Test under 
different 
speed and 
pressures 
From 2 bar to 
8 bar load with 
the step size of 
one bar 
120, 180, 240, 
300,360,450, 
600, 900, 1200 
and 1600  rpm 
Investigate the 
changes in AE 
signal under 
different lubrication 
regimes. 
Fault 
simulation 
Partial dry 
running 
Not 
pressurized 
120, 180, 240, 
300,360,450, 
600, 900, 1200 
and 1600 rpm 
Fault simulation. 
Spring fault 
From 2 bar to 
8 bar load with 
the step size of 
one bar 
120, 180, 240, 
300,360,450, 
600, 900, 1200 
and 1600 rpm 
Fault simulation. 
Defective 
seal 
From 2 bar to 
8 bar load with 
the step size of 
one bar 
120, 180, 240, 
300,360,450, 
600, 900, 1200 
and 1600  rpm 
Fault simulation by 
scratching the 
stationary ring. 
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In general, the aim of this experimental study is to give some fundamental investigations 
to provide a solid base for the implementation of acoustic emission technique to the 
condition monitoring of mechanical seals. The objectives of the program are summarized as 
follows: 
1. Test the hypothesis that the elastic deformation of asperities due to direct 
contact and due to fluid flow as well as friction between fluid layers are the 
dominant mechanism of acoustic emissions in the sliding of mechanical seal 
faces. 
2. Find the AE frequency band that reflects the effect of different AE sources in the 
sliding of seal faces under both healthy and faulty conditions. 
3. Investigate how the type of AE signal is affected by different AE sources as well 
as different operating conditions. 
4.  Extract the AE features that can represent the tribological behaviour of 
mechanical seals under both healthy and faulty conditions. 
5. Investigate how the AE signal changes with changing the lubrication regime of 
face seals under both healthy and faulty conditions. 
6. Compare the experimental results with the prediction of the AE model 
developed in Chapter 5. 
7. Demonstrate the potential of external acoustic emission measurements for early 
fault detection in mechanical seals. 
6.5.1 Seal Free Test  
This test refers to idling of the test rig where the seal head assembly (including the rotating 
ring) was removed and consequently no acoustic emission signal was picked up from the 
sealing gap as schematically shown in Figure 6.24. During this test the seal was not 
pressurized, however other parts of the system such as circulating and supplying pumps were 
working as usual. For each test 10 different incremental speeds were adjusted; 120, 180, 240, 
300,360, 450, 600, 900, 1200 and 1600 rpm. For each speed the run time duration was 3 
minutes, the data was recorded after approximately two minutes. The data recording duration 
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was selected as 8 seconds for the data acquisition system. Purpose to carry out this test was 
to evaluate the noises of the test rig. The efficiency of this test has been proved in previous 
works [191]. 
(a) Running seal  (b) Running no seal 
Figure 6.24 Schematic illustration of the seal free test configuration 
6.5.2 Static Test 
During this test the acoustic emission data acquisition system was kept on working and the 
shaft of the test rig was turned manually. Since it is impossible to turn the shaft manually 
when the chamber is pressurized, the tests were conducted under no sealed pressures. The 
time duration of each test is 8 seconds. Since it is impossible to generate vibration by just 
turning the shaft, the acoustic emission was likely caused by the sliding of seal faces rather 
than by the vibration of the test rig. Therefore, it can be concluded that the results of this test 
are related to the rubbing of mechanical seals.  
6.5.3 Transient Speed Test 
This test was carried out under three different loads; 0 bar, 4 bar and 8 bar (sealed pressure) 
and at speed of 1500 rpm. Since it takes around 16 seconds for the electric motor applied in 
this work to reach the speed of 1500 rpm, Figure 6.25, hence for each test the load is constant 
and speed increases automatically up to adjusted value of 1500 rpm (50% speed). Using this 
method different lubrication regimes (i.e. boundary lubrication, mixed lubrication and 
hydrodynamic lubrication regime) can be simulated during the start up to steady state 
condition of motor. The purpose to carry out this test is to identify the frequency range 
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that significantly reflects the characteristics of different acoustic emission sources and 
different lubrication regimes in the sliding of seal faces. 
Figure 6.25 Motor speed variations up to 1500 rpm under 4 bar load 
6.5.4 Tests under Different Operating Conditions 
The aim of this experimental study is to demonstrate a correlation between AE signals and 
duty parameters that refer to different lubrication regimes. It means that the seal needs to be 
tested under a wide range of duty parameters. To achieve this, experiments w e r e  conducted 
at 7 different loads from 2 bar to 8 bar load with the step size of 1 bar ±0.02, Figure 6.26. At 
each load, 10 tests were carried out under different speeds 120 rpm, 180 rpm, 240 rpm, 
300 rpm, 360 rpm, 450 rpm, 600 rpm, 900 rpm, 1200 rpm and 1500 rpm to simulate different 
Tribological regimes. 
Figure 6.26 Operational conditions during the tests 
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These operating conditions can achieve a minimum duty parameter of 0.199×10-8 at which 
it is more convinced that the seal is under the mixed lubrication or boundary conditions 
according to Table 2.1. In the meantime, the maximum duty parameter of 5.211×10-8 indicate 
that the seal may operate under hydrodynamic regimes. Thus, it allows AE signals to be 
examined in wide lubrication conditions and henceforth develops effective AE based 
diagnostics. For each speed the run time duration was 3 minutes, the data was recorded after 
approximately two minutes. The data recording duration was selected as 8 seconds for the 
both data acquisition systems.  
6.5.5 Partial Dry Running Test 
Since the mechanical seals are hydrostatically lubricated, the lack of sealed pressure 
simulated the conditions under which partial dry running occurs. 10 tests were carried out 
under no pressure and different incremental speeds; 120 rpm, 180 rpm, 240 rpm, 300 
rpm, 360 rpm, 450 rpm, 600 rpm, 900 rpm, 1200 rpm and 1500 rpm. For each speed the run 
time duration was 3 minutes, the data was recorded after approximately two minutes. The 
data recording duration was adjusted on 8 seconds for the both data acquisition systems. It 
should be noted that it is possible to drain the chamber and simulate dry running test, but it 
will damage the mating faces. 
6.5.6 Spring Fault Test 
Spring fault is another common fault in the operation of mechanical seals. The test were 
carried out by taking off 2 springs out of 12 available springs in the seal head assembly, 
Figure 6.27. In theory, this provides approximately 16% reduction in the spring force, based 
on the design characteristics of seal and operating conditions, however its effect on the 
closing force is discussed in Section 8.3. Experiments were conducted at 8 different loads 
from 1 bar to 8 bar load with the step size of one bar. At each load, 10 tests were carried 
out under different speeds 120 rpm, 180 rpm, 240 rpm, 300 rpm, 360 rpm, 450 rpm, 600 
rpm, 900 rpm, 1200 rpm and 1500 rpm to simulate different lubrication conditions. For each 
speed the run time duration was 3 minutes, the data was recorded after approximately two 
minutes. The data recording duration was selected as 8 seconds for the both data acquisition 
systems. 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
148 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
(a) Before assembly          (b) After assembly 
Figure 6.27 Seal head assembly in spring fault simulation 
6.5.7 Defective Seal Test 
The last test in this research is defective seal test. To do this test, four small radial superficial 
scratches were made on the mating ring as shown in Figure 6.28. The area of defects 
increases incrementally from the bottom one in the anti-clock wise direction. The smallest 
defect is only an artificially induced crack (approximately 6 mm length) and the biggest one 
has an approximately 7×8 mm2 dimensions.  
 
 
 
 
(a)        (b) 
Figure 6.28 Defective seal test (a) Damaged face (b) Scratches on stationary ring 
Since during the operation of defective seal the sealing action is not performed properly, 
hence different levels of leakage occurs depend on operational conditions. In general, the 
level of leakage increases by increasing the pressure and rotational speed of drive shaft. To 
avoid flooding the lab, the flushing port of the seal was connected to a small bottle, Figure 
6.29. The maximum level of leakage occurred during the tests was recorded manually around 
1 litre in three minutes for the maximum pressure and speed. 
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Experiments were conducted at 8 different loads from 1 bar to 8 bar load with the step size 
of one bar. At each load, 10 tests were carried out under different speeds 120 rpm, 180 
rpm, 240 rpm, 300 rpm, 360 rpm, 450 rpm, 600 rpm, 900 rpm, 1200 rpm and 1500 rpm to 
simulate different lubrication conditions. For each speed the run time duration was 3 
minutes, the data was recorded after approximately two minutes. The data recording duration 
was selected as 8 seconds for the both data acquisition systems. 
Figure 6.29 Leakage during the defective seal test 
6.6 Main Findings 
This thesis designed and constructed a new mechanical seal test rig for the purpose of 
condition monitoring of mechanical seals. To ensure the test rig replicates the usual seal 
arrangement in practical applications such as pumps, real industrial mechanical seals rather 
than just pairs of face seal materials were employed. To get stronger acoustic emission 
signals, larger mechanical seals for larger pumps were selected.  
To investigate the tribological behaviour of mechanical seals and prove the potential of AE 
measurements to detect the faults at early stages, a comprehensive experimental program 
has been developed. The experimental study in this thesis includes two main programmes: 
investigate the tribological behaviour of mechanical seals which is the base line analysis and 
then fault simulation. The former includes four different tests; sealed free test, static test, 
transient test and test under different speed and pressures. The main objective of these tests 
is to find different frequency ranges that can present the tribological behaviour of AE 
sources. Later, the fault simulation program, includes three different test; partial dry running 
test, spring fault test and defective seal tests. The main objective of the fault simulation 
program is to understand how acoustic emission features change under fault conditions as 
well as performing a robust comparison against the baseline. This may pave away for early 
fault detection in industrial applications. 
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Chapter Seven; 
7. Experimental Study of AE from the Tribology of 
Mechanical Seals 
 
This chapter aims to present the results of an experimental study on the tribological 
behaviour of mechanical seals using non-intrusive AE measurements. The study includes 
four groups of experiments: the seal free test, the static test, the transient speed test and 
the tests under different operating conditions (baseline test) as illustrated in previous 
chapter. The primary tests are conducted to find the proper frequency range of AE signals 
that can present the tribological behaviour of the sealing gap by analysing AE signals in 
time-frequency domain. While the latter test is used to study the tribological behaviour of 
mechanical seals. The main body of this chapter is related to the baseline test, where focus 
is paid to investigate the change of AE time domain and frequency domain features under 
different tribological regimes. The discussion is also made by developing novel equations 
that can explain tribological AEs based on the AE source models that have been detailed in 
Chapter 5. At the end of the chapter, conclusions are drawn on the basis of the information 
obtained in this experimental study.  
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7.1 Introduction to the Baseline Experimental Study  
The promising potential of external AE measurements to monitor the tribological 
behaviour of mechanical seals has been demonstrated in previous studies [191]. The 
main limitations of the previous works can be summarized as followings: 
1. A systematic test procedure is needed to distinguish AE signals from the 
background noises. There is no comprehensive experimental program in the 
literature to find proper frequency range of AE responses. 
2. To investigate the tribological behaviour of mechanical seals, it is necessary to 
run the rig at very low speeds. Previous experimental researches have been 
carried out under relatively high speeds where mechanical seals work in the 
hydrodynamic lubrication regime. Under this working conditions viscous friction 
and fluid induced asperity deformation can be studied logically, however it is not 
possible to investigate the effects of direct asperity contact at high speeds. 
3. The tribological aspects of mechanical seals such as the effect of sealed pressure 
and sliding speed on the AE features under different tribological regimes have 
not been studied yet. 
4. Previous mathematical models only can predict the level of AE signals in direct 
asperity contact of asperities. No work has been published to explain tribological 
AEs, especially at transition point between mixed to hydrodynamic lubrication 
regime where mechanical seals are ideally and by definition operate. 
This study aims to improve the previous works to pave a way for on line condition 
monitoring of mechanical seals. All experiments were conducted using the mechanical seal 
test rig presented in Chapter 6.  
7.2 Identification of the Tribological AEs 
In the industrial applications, AE signals are generated not only by rubbing of the mating 
faces, but also from noise sources [16, 26, 28]. For instance, Xiaohui Li et al. concluded that 
in AE monitoring of mechanical seals, spindle is the main noise source and signal to noise 
ration decreases with the increase of rotational speed of spindle [28].Therefore, to monitor 
the tribological behaviour of the sealing gap, it is necessary to distinguish AE signals from 
the background noises that requires an appropriate test procedure and signal processing 
method. In this section the results of the three comparative program (the seal free test, the 
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static test, the transient speed test) are presented to find the proper frequency band that can 
represent the tribological behaviour of mechanical seals. To gain more effective details, AE 
responses are analysed in time frequency domain. 
7.2.1 Results of the Seal Free Test 
To do this test the primary ring was removed before running the motor. Then the drive shaft 
was turned manually and data was recorded simultaneously, see spectrogram in Figure 7.1. 
This test revealed that some noises are generated by every rotational period of the shaft. Two 
main frequency bands are observed: 0-40 kHz and 100-150 kHz.  
Figure 7.1 The spectrogram of the AE signal measured in manual turning of shaft 
To get insight into the background noises, the results of seal free test (when electric motor 
is running) are presented in Figure 7. 2. The frequency bands that have been observed in 
manual rotation of shaft still exist in the spectrogram, however no time interval between the 
AE responses is distinguishable. This clearly shows that these peaks are generated due to the 
rotational movement of the shaft. Based on Figure 7.2, no remarkable change in the 
amplitude is observed by increasing the rotational speed of the shaft. These noises may be 
generated due to the vibration of the rig, rotational movement of shaft, electric noises from 
the inverter (or motor), resonant frequency of the sensor, natural frequency of stationary ring 
Rotational period 
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or circulation of fluid in the sealed chamber. To get a solid conclusion on this, the results of 
the static test and the transient speed test are investigated in the rest of the this section. 
    Figure 7.2 The spectrogram of the AE signal measured in seal free test 
7.2.2 Results of the Static Test 
During the static test both stationary and rotating rings were assembled and the shaft of the 
test rig was turned manually. Three tests have been carried out, the results of one of them is 
presented in Figure 7.3. Based on Figure 7.3, the amplitude of the low frequency events 
located in the range of 0-40 kHz goes down significantly. It is believed that the mentioned 
frequency range is related to electromagnetic field of the motor. Since in seal free test it was 
much easier to rotate the shaft manually, the amplitude of this frequency range was higher. 
In static test, manual turning of shaft is difficult due to rubbing of the mating faces. 
Consequently, the amplitude of the related noise decreases or even completely disappeared. 
Moreover, the resonant frequency of stationary ring is located in this frequency range (see 
Appendix F), thus the frequency band of 0-40 kHz is not related to the tribological AEs. 
It is believed that the frequency band of 100-150 kHz that has been observed in all previous 
tests, whether in the seal free test or the static test, is intensified by the AE sensor and can 
be considered as one of the main noise sources in this research. 
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In addition to frequency range of 100-150 kHz, one more peak is observed in the range of 
235 to 305 kHz. Based on Figure 7.3, the seals come to contact slightly before the 5th and 8th 
seconds of data recording time. Thus it can be concluded that the frequency range of 270±35 
kHz is caused by the rubbing of seal faces rather than by the noise sources of the test rig.  
 
 
 
 
 
Figure 7.3 The spectrogram of the AE signal measured in static test 
7.2.3 Results of the Transient Speed Test 
As discussed in Section 6.5.3, the transient speed tests were carried out under three different 
sealed pressures, 0 bar, 4 bar and 8 bar and at a variable speed up to 1500 rpm. The data 
recording time was 16 seconds. The purpose to carry out this test was to investigate the changes 
in the amplitude of the AE signals (especially in the range of 270±35 kHz) under different 
lubrication regimes.  
Figure 7.4 shows the spectrogram when the seal chamber is not pressurized. Since 
mechanical seals are hydrostatically pressurized, the transient speed test under 0 bar gives 
the most possibility of direct asperity contacts. These asperity collisions generate high 
frequency emissions (in the range of 270±35 kHz). 
 
Main frequency band (270±35 kHz) 
Main frequency band (270±35 kHz) 
Background noise  
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Figure 7.4 The spectrogram of the AE signal from transient speed test at 0 bar load 
Figures 7.5 shows the results of transient speed test for 4 and 8 bar sealed pressures 
respectively. As it is observed at the beginning of the test, where boundary lubrication 
regime is dominant due to very low speeds of shaft, the amplitude of AE responses is higher. 
By increasing the speed gradually, the AE amplitude goes down due better lubrication 
condition in the mixed lubrication regime. At the end of data recording time, when the 
hydrodynamic lubrication regime is dominant, the amplitude of AE signals increases due to 
the viscous friction in the lubricant film as well as fluid induced asperity deformations. 
Based on the above understandings, the AE amplitude in the frequency range of 270±35 kHz 
changes with the lubrication regime change indicating that the mentioned frequency band is 
related to the tribological behaviour of mechanical seals and represents the tribological 
behaviour of seal faces applied in this research. It is noted that this frequency band does not 
shift under different operational conditions. Thus for the rest of this research, a band pass 
filter was designed using MATLAB codes and applied to analyse the data in the range of 
270±35 kHz. 
More over as it is observed at higher speeds, the amplitude of AE signals increases by 
rotational speed increase. Since mechanical seals are designed to operate in the 
hydrodynamic lubrication regime at higher speeds, it can be concluded that other AE sources 
AE events 
Background noises 
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mechanisms (i.e. viscous friction and fluid induced asperity deformation) are dominant in 
the hydrodynamic lubrication regime. 
 
 
 
 
 
 
(a)      (b) 
Figure7.5 The spectrogram of the AE signal from transient speed test at different loads (a) 
4 bar (b) 8 bar 
Furthermore, based on Figure 7.5, the analysis in the time-frequency domain is not sensitive 
enough to indicate the mechanism of the frictional AE sources as well as severity of elastic 
asperity deformations in the sealing gap. As it is shown in the spectrograms, the AE 
amplitude does not show a good response to the change of operating conditions. Hence to 
get understanding of frictional behaviour of sealing gap under different lubrication regimes, 
for the rest of this thesis the raw AE signals are analysed in time domain and frequency 
domain that can provide much more details.  
7.3 The Observation of Mechanical Seal’s Tribological Behaviour 
The results of test under different operating conditions (base line test) are presented in this 
section. This experimental program aims to investigate how AE features, generated by 
different AE sources that have been discussed in Chapter 5, change under different 
lubrication regimes. The results of analysis in time domain and frequency domain are 
presented for different load and speed settings so that it represents tribological AEs generated 
due to different lubrication regimes in the operation of mechanical seals. 
BL 
ML 
HL 
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7.3.1 AE Signal Characteristics in the Time Domain 
To gain understanding of the tribological AEs, typical AE signals under different speed and 
pressure settings are presented. Figure 7.6 (a) and (b) show that AE amplitudes decrease with 
the speed increase (for all sealed pressures), indicating that asperity reactions are less with 
the speed increase and hence showing that either  lubrication condition moves from the 
boundary to mixed lubrication or may be progress only in the mixed lubrication regime. 
        Figure 7.6 AE signal for different operating conditions  
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As the speed increases continuously, shown in Figure 7.6 (c) and (d), the amplitudes become 
larger gradually. This indicates more effect of viscous friction as well as flow induced 
asperity deformations and hence shows that the hydrodynamic lubrication regime is 
dominant. Therefore, this speed dependency allows different tribological regimes to be 
identified. 
Moreover, the comparison of the AE responses between low and high sealed pressures shows 
that a clearer difference can be seen at the low speed whereas it is insignificant at the high 
speeds. This indicates that more asperity interaction due to increasing the load happen at the 
low speed, which is consistent with that predicated using Equation (5.32). On the other hand, 
at high speeds fully developed hydrodynamic lubrication regime helps to reduce or eliminate 
the effect of direct asperity collisions. Therefore, it has been demonstrated further that the 
AE responses will be dominated by the viscous friction i.e. speed but not the load as shown 
in Equation (5.47). 
In addition, Figure 7.6 (a) and (b) show that burst type AE responses decrease with speed 
increase at lower speeds, indicating that peak asperity reactions are less with increasing in 
speed due to better lubrication condition in the mixed lubrication regime. By increasing the 
load at lower speeds, more asperities come to contact and massive asperity deformations 
happen in the mixed lubrication regime. Consequently, the number of burst type AE 
responses decreases while the AE amplitude goes up by the load increase. 
In the hydrodynamic lubrication regime, shown in Figure 7.6 (c) and (d), the number of burst 
type AE responses goes up by the speed increase. As discussed in Section 5.8, by increasing 
the speed after transition point into the hydrodynamic lubrication regime, first massive 
asperity deformations happen due to stress field of fluid. This generates continuous type AE 
responses. By more increase in the rotational speed of shaft, the massive asperity 
deformation will be accompanied by peak asperity deformations simultaneously and hence 
generates more bursts. The more faces become separated (up to a threshold), the more flow 
induced deformations occur and hence the amplitude of AE signals goes up. 
7.3.2 The Variation of AE RMS Value under Different Operating Conditions 
As discussed in Section 5.2, a strong relationship exists between RMS value of the AE 
signals and the tribological behaviour of the mating surfaces in sliding contact [16, 35, 190]. 
To examine the connection between energy of the AE activity and tribological regimes of 
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the sealing gap, average RMS value of AE signals recorded during three different tests are 
calculated and presented versus the actual speed of shaft, Figure7.7. The actual speed of 
shaft was calculated based on the encoder data that has been recorded by AE data acquisition 
system, see Section 6.3.1. For each curve the sealed pressure is constant and speed increases 
incrementally from 120 to 1500 rpm. 
Based on Figure 7.7, for low speeds (less than 600 rpm) the RMS values go down first and 
then increase with the speed increase indicating that lubrication regime changes from the 
mixed to the hydrodynamic lubrication regime. The transition points are indicated by big 
brown circles as well as arrows. It is clear that for lower sealed pressure e.g. 2 bar the 
transition occurs at lower speeds.  
Moreover, for the 8 bar sealed pressure the RMS value first increases and then decreases 
showing that the lubrication regime changes from the boundary to the mixed lubrication 
regime at lower speeds and higher loads. As the speed increases continuously the RMS value 
goes up indicating that the lubrication is in the hydrodynamic lubrication regime. 
        Figure 7.7 The AE RMS values under different speeds and pressures 
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Furthermore, for the experiments conducted at low speeds (before transition point) the level 
of AE energy goes up with the sealed pressure increase that is consistent with Equation 
(5.32). Based on Equation (5.32) the RMS value of AE signal increases linearly by 
increasing the contact load. However, for higher speeds, the effect of sealed pressure on the 
AE responses becomes insignificant and hence the curves cross each other randomly. This 
is consistent with Equation (5.47) that does not include any term related to the contact load. 
It should be immediately noted that increasing the sealed pressure to the higher values (the 
maximum working pressure of mechanical seals applied in this research is 69 bar, see Table 
6.9) may lead to viscosity increase. However, compared to the temperature influence, liquids 
are influenced very little by the applied pressure. The reason is that liquids are almost non-
compressible at low or medium pressures. 
To make better separation between the curves in the hydrodynamic lubrication regime, RMS 
values of the AE signals are presented versus the dimensionless duty parameter G as shown 
in Figure 7. 8. The duty parameter is calculated based on Equation (2.7). To achieve this, the 
actual sealed pressure was calculated based on the pressure sensor data.  Based on Figure 
7.7, the minimum point of the curves (indicated by big brown circles) fluctuates in a narrow 
transition region around 1.00×10-8, a plausible explanation for scattering of the data is that 
enough data is not available around the transition point (G= 1±0.1×10-8). It is believed that 
the more data points are available around transition point, the closer would be the transition 
points. It should be immediately noted that the transition range achieved in this research is 
not consistent with Table 2.1. It is the common characteristic that transition occurs at 
different G values under different seal configuration as reported in the literature [2, 47], also 
see Figure 2.9. In addition, based on Equation (2.7), the closing force as well as the seal 
width affect the G values. Therefore, to use such tables, it is more logical to apply same 
mechanical seals as seal geometry as well as working parameters have significant effect on 
the duty parameter values. This clearly confirms the conclusion that has been made in 
Section 2.7 is valid. Based on the mentioned understandings, for different operational 
conditions (sealed pressure, speed, viscosity and face material combinations), tabulated 
values of tribological parameters such as duty parameter are less useful than might be 
expected. Therefore, the development of reliable online condition monitoring techniques that 
can estimate the tribological behaviour of mechanical seals is necessary and essential. 
 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
161 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
Figure 7.8 The AE RMS values in terms of duty parameter 
7.3.3 The Variation of AE Kurtosis Value under Different Operating Condition 
As discussed in Section 5.4, the height distribution of asperities is an important property to 
describe the characteristics of randomly rough surfaces. All of the equations that have been 
developed in Chapter 5 correlate with the height distribution of asperities. Moreover, it has 
a significant influence on the type of AE responses as discussed in Section 5.8. As it is 
assumed that AE only is generated by frictional process in the sealing gap, the distribution 
of AE signals will be an indication of the AE source mechanism. This gives a promising 
potential to interpret the changes of AE kurtosis value under different operating conditions 
using the distribution of AE signals. This might be useful for the purpose of condition 
monitoring and fault diagnosis in mechanical seals. 
The height distribution of asperities usually follows the normal distribution [16], for a 
normal distribution data the probability density function (PDF) is defined: 
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µ  is the mean value. 
σ  is standard deviation. 
x   is the data at each discrete point in time. 
To connect the concept of kurtosis of AE signals with the asperity height distribution, Figure 
7.9 is presented. As illustrated, the value of kurtosis is greater than 3 if a distribution is more 
outlier-prone than Gaussian distribution while kurtosis is less than 3 if the distribution is less 
outlier-prone than Gaussian distribution. The more peak asperity deformation happens, the 
more outlier-prone is achieved that generates higher kurtosis values. The more massive 
elastic asperity deformation occurs, the more kurtosis of the AE signal generated is close to 
3. It should be immediately noted that elastic asperity deformation in this thesis refers to 
either the dynamic bending of asperities in direct contact (boundary and mixed lubrication 
regimes) or fluid induced asperity deformations (hydrodynamic lubrication regime). This 
may happen in the form of peak asperity deformations or massive asperity deformations or 
even both of them simultaneously based on the operational conditions. 
 
 
 
 
 
 
 
Figure 7.9 The distribution of AE signals against normal distribution 
Figure 7.10 gives kurtosis of the AE signals measured during different operating conditions. 
It is noted that the value shown in this figure is the difference between the kurtosis of 
measured AE signal and Gaussian distribution. For the experiments conducted at speeds 
under 600 rpm (left hand side of transition point), kurtosis peaked under 2 bar and dropped 
to the lowest value under 8 bar. For instance, at the speed of 120 rpm kurtosis sees the high 
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
AE(mV)
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
P
D
F 
va
lu
e
More peaked 
PDF means 
higher kurtosis 
Height 
distribution of 
peak 
Height 
distribution of 
all asperities 
Less peaked 
PDF means 
lower kurtosis 
PDF of 
Gaussian 
distribution 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
163 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
peak for 2 bar pressure indicating that contact occurs only in some peak asperities. These 
asperities have such peaks that their heights are meaningfully larger than the average value 
of all asperity heights. Hence the standard deviation is lower (more peaked PDF) that leads 
to higher kurtosis values.  
By increasing the sealed pressure, massive asperity contact happens. In massive asperity 
contact the standard deviation is higher (less peaked PDF) and hence kurtosis sees lower 
values. Consequently, the AE signal distribution becomes closer to the Gaussian distribution 
implies that massive asperity contacts occurs at higher sealed pressure. 
 By increasing the speed gradually up into the transition point, the improvement of 
lubrication condition between the seal faces would confine the severity of asperity contacts. 
However peak asperity contacts occur around the transition point due to the fact that faces 
are going to be separated. Therefore, kurtosis increases at rotational speed of 600 rpm. By 
increasing the rotational speed of shaft into the hydrodynamic lubrication regime, the seal 
faces become fully separated and viscous friction at sealing interface as well as flow induced 
asperity deformations generate more elastic deformations. Therefore, the distribution of AE 
signal gets closer to the Gaussian distribution and hence kurtosis dropped by increasing the 
speed in the hydrodynamic lubrication regime. 
Figure 7.10 The AE kurtosis values under different speeds and pressures 
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In addition, in the hydrodynamic lubrication regime, the effect of sealed pressure becomes 
less significant which coincides well with the conclusion drawn from the analysis of RMS 
value of AE signals presented in previous section. Also, it is in very good agreement with 
the previous researches [16] where it has been claimed that the distribution of AE signals is 
not sensitive enough to the change of asperity contacts under well-lubricated conditions. 
 
7.3.4 Frequency Domain Analysis 
Figure 7.11 shows the spectra of AE signals when the seal operates under different speed 
and pressure settings. 
  Figure 7.11 AE spectra for different operating conditions  
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Based on Figure 7.11 (a) and (b), the amplitudes of AE spectra decrease first with speed 
increase. Then, as the speed increases continuously, shown in Figure 7.11 (c)–(d), the 
amplitudes become larger gradually.On the other hand, by increasing the speed, the 
difference between the amplitude of AE spectra related to low and high load decreases 
gradually and finally in Figure 7.11 (d), changing the load has no significant effect on it. 
This indicates that when hydrodynamic lubrication is well established, the AE responses are 
more dominated by the fluid induced asperity deformations due to change in speed but not 
the sealed pressure as has been demonstrated in Equation (5.47). To get a solid conclusion 
on this idea, the AE spectra for mixed and hydrodynamic lubrication regimes are presented 
in Figures 7.12 and 7.13 respectively. 
Figure 7.12 AE spectra for lower speeds and different sealed pressures  
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Based on Figure 7.12 , by increasing the speed in the mixed lubrication regime the amplitude 
of AE spectra decreases due to better lubrication conditions. In the most cases a clear 
separation between different sealed pressures are observed. As it is observed under the mixed 
lubrication condition the amplitude of AE spectra increases by increasing the load due to 
more asperity contact as discussed in Equation (5.32).  
Figure 7.13 shows the AE spectra when the seals are working in the hydrodynamic 
lubrication regime. As it is observed, the amplitude of AE spectra increases with the speed 
increase however the spectrums in Figure 7.13 (a) to (d) are approximately similar to each 
other. This gives a good evidence that in the hydrodynamic lubrication regime the effect of 
sealed pressure is less significant as has been detailed in Equation (5.47).  
Figure 7.13 AE spectra for higher speeds and different sealed pressures  
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7.4 Model Verification 
As discussed in Chapter 5, three different AE sources are dominant in the operation of 
mechanical seals i.e. asperity collision, viscous friction and flow induced asperity 
deformation. However, these AE sources interact each other during the operation of 
mechanical seals. Hence it is necessary to combine them properly and propose a 
comprehensive AE model that can predict the tribological behaviour of mechanical seals 
under different operating conditions. Since asperity collision is dominant AE source in the 
BL regime, the developed asperity contact model is reliable enough to be applied directly. 
However, for the ML and HL conditions, where the interaction between different AE sources 
happens, a combination of proposed models is needed. This section aims to demonstrate the 
changes in AE RMS value under ML and HL regimes. 
7.4.1 The Influence of Sliding Speed on AE RMS 
As indicated by the Equation (5.32), the AE RMS value in direct asperity contact determined 
by the total number of asperity contacts and the load they support if sealed pressure is 
constant and the statistical properties of surface topography do not change. Hence the AE 
model can be simplified and expressed as: 
VNKV totrms 1=         (7.1) 
In the mixed lubrication regime, it is logical to assume that the number of asperity contact 
decreases by increasing the sliding speed due to improvement in lubrication condition. In 
this regime, direct asperity contact is confined by shearing in those lubricant layers that 
trapped between asperities. Hence final model for the mixed lubrication regime is extracted 
by considering the interaction of viscous friction and direct asperity contact. Based on the 
model developed for viscous friction, the RMS value of AE signals generated by viscous 
friction increases linearly with the sliding speed, Equation (5.62). Therefore, in the mixed 
lubrication regime the relationship between total contact number of asperities and sliding 
speed is given by: 
V
KNtot 2=           (7.2) 
Substituting Equation (7.2) into Equation (7.1) the relationship between AE RMS value and 
sliding speed transforms to: 
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2
1
3
−
= VKVrms          (7.3) 
It should be noted that the predicted trend in Equation (7.3) is not achieved experimentally 
unless same portion of viscous friction and direct asperity contact happen simultaneously. 
However, in practice by increasing the sliding speed in the ML regime toward the transition 
point, the portion of asperity collisions decreases while the percentage of viscous friction 
increases. Hence the Equation (7.3) transforms to: 
2
x
vrms VKV
−
=          (7.4) 
where x  depends on lubricant-asperity interactions and is equal to unit value if pure direct 
asperity contact accompanied by pure viscous friction in the mixed lubrication region. For 
the tests have been carried out in this research the variable x varies between 0.26 to 0.807 as 
illustrated in Figure 7.14.  
In the hydrodynamic lubrication regime two AE sources are superimpose each other: viscous 
friction and flow induced asperity deformation. Based on Equation (5.47), the AE RMS 
value in flow induced asperity deformation determined by the total number of asperity 
deformations and sliding speed if other parameters are constant. Hence the AE model can be 
simplified as: 
VNKV totrms 3=         (7.5) 
Under this conditions by increasing the speed more shearing occurs in the lubricant layers, 
Equation (5.62), and therefore more asperity deformation is generated due to interaction 
between stress field of fluid and surface asperities. Hence the relationship between the total 
number of asperity deformations and sliding speed is given by:  
x
tot VKN 4=           (7.6) 
where x  depends on gap variation with the speed, as stated in waviness model developed by 
Lebeck [1]. Substituting Equation (7.6) into Equation (7.5) the relationship between AE 
RMS value and sliding speed transforms to: 
2
1 x
vrms VKV
+
=          (7.7) 
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For this study the positive variable x varies up to 0.636 as illustrated in Figure 7.14. Figure 
7.14 (a)-(g) show the relationship between RMS value and the sliding speed when the rig 
operated under different sealed pressure from 2 bar to 8 bar with the step size of 1 bar. The 
beset curves are fitted on the test results using statistical analysis carried out in MATLAB 
The coefficient of determination or (R
2
) refers to the covering rate of default function in 
changes of dependent variables. The more this value is closer to the unity, the more the 
accuracy of fitness is achieved 
 Figure 7.14 The relationship between AE RMS value and sliding speed  
Since mechanical seals are ideally work around the transition point between the mixed to the 
hydrodynamic lubrication condition (see Section 2.2.2), the developed model may help for 
the purpose of fault detection in mechanical seals. On this basis any deviation from the 
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predicted trends can be considered as a developing fault whether it is in the mixed or 
hydrodynamic lubrication regimes.  
7.4.2 The Influence of Sealed Pressure on AE RMS 
As indicated by Equation (5.32), AE RMS value is influenced by the load that is supported 
by asperities. However, it is immediately noticed that this model cannot be applied to explain 
the recorded data since the load measured was the sealed fluid pressure rather than that 
supported by asperity contacts. Hence it is necessary to develop the AE model to correlate it 
to the sealed pressure. 
Using Equation (2.3) for closing force and Equation (2.7) for opening force, the force 
equilibrium of mechanical seal can be expressed as 
∫∫∫ ++=+
fff A
Contact
A
hyd
A
hyshs dAPdAPdAPFF      (7.8) 
Substituting Equation (2.4) into Equation (7.8) gives: 
∫∫∫ ++=+∆××+
fff A
Contact
A
hyd
A
hysafs dAPdAPdAPPPBAF )(   (7.9) 
Dividing both sides of Equation by fA , the contact pressure can be expressed as: 
f
A
shyd
A
hys
afcontact A
FdAPdAP
BPPBP ff
∫∫ −+
−−−= )1(    (7.10) 
Define 
f
A
shyd
A
hys
ac A
FdAPdAP
BPP ff
∫∫ −+
−−−= )1(     (7.11) 
Equation (7.10) is rewritten as: 
cfcontact PPBP +=         (7.12) 
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With the help of Equation (7.12) it might be possible to estimate the contact pressure 
supported by asperities, which is a critical parameter to evaluate lubrication conditions in 
engineering applications. If contact pressure is positive there is some indirect rubbing 
between the rotating and stationary faces; this is a condition of low leakage. For contact 
pressure exactly zero the faces would not be rubbing but the resulting hydrodynamic 
lubrication conditions would allow increased leakage. For contact pressure to be negative 
the opening forces have overcome the closing forces and the seal has failed [88].  
Substituting Equation (7.12) for contact pressure into Equation (5.32), and define all constant 
parameters as pK  then Equation (5.32) can be expressed as: 
cfprms PPKV +=          (7.13) 
Therefore the AE RMS value varies linearly with the sealed pressure in mechanical seals, 
Figure 7.15. 
Figure 7.15 The relationship between AE RMS value and sealed pressure in ML region 
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Figure 7.15 presents the test results to investigate the effect of sealed pressure on AE RMS 
value when the seal operated at four different low speeds to simulate the mixed lubrication 
regime. As it is illustrated in Figure 7.15 (a)-(d), the liner polynomial trend predicted for 
sealed pressure by Equation (7.13) is achieved with good accuracy. 
It is immediately noticed that the low speeds have been selected to simulate the more 
possibility of asperity contact. If high speeds were selected, for instance 1500 rpm where 
mechanical seals are operate in the hydrodynamic lubrication regime, then the experimental 
data would not follow the predicted trend, Figure 7.16. 
Figure 7.16 The relationship between AE RMS value and sealed pressure for higher speeds 
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Based on the analysis of time domain signal, the amplitude and number of burst type AE 
responses can be effectively used to characterize the tribological behaviour of mechanical 
seals. 
Among the statistical features of AE waveform, the RMS values agree significantly with the 
mathematical model developed in Chapter 5 in terms of the sealed pressure and sliding 
speed. The good trend of AE RMS with the change of sealed pressure and sliding speed 
implies its potential to monitor the tribological behaviour of mechanical seals in a simple 
and effective way. It was shown that different lubrication regimes in mechanical seals can 
be detected based on the changes in the RMS value of AE signal. For the purpose of on-line 
condition monitoring and fault diagnosis, the AE RMS value could be used as a parameter 
triggering different levels of alarm in operation. 
Kurtosis was found to be a useful statistical parameter to indicate the tribological behaviour 
of the sealing gap. The results of analysis show that kurtosis values of AE signals can be 
interpreted based on the theory model developed in Chapter 5 to distinguish different 
tribological regimes of mechanical seals. In addition, kurtosis analysis also reveals whether 
the deformation occurs only at some peak asperities or involved massive ones. This provides 
a real insight in the behaviour of operating mechanical seals and gives a good evidence of 
that kurtosis is an effective tool for the purpose of condition monitoring. 
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Chapter Eight; 
8 Application of AE Measurements to the Fault Detection of 
Mechanical Seals  
 
This chapter intended to carry out a fundamental investigation on the potential of the AE 
technology for the purpose of condition monitoring and fault detection in mechanical seals. 
The study conducted three groups of common faults: the partial dry running, the spring 
out test and the defective seal test.  The main objective of this chapter is the comparison 
and discussion of the results of the faulty seal against the base line test in the time domain 
and frequency domain. The discussion is also made by comparing the results with the AE 
model developed in Chapters 5 and 7 so as to evaluate the model responses to the simulated 
faults. At the end of the chapter, conclusions are drawn on the basis of the information 
obtained in this experimental study.  
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8.1 Introduction 
AE has been studied for fault detection in mechanical seals by some researchers [16, 29, 31], 
however typical fault cases have not been investigated successfully yet. For instance, Yamashina 
et al. reported that in 1977 the Exxon chemical company, USA, made an attempt to predict 
mechanical seal failures by acoustic emission monitoring. A similar attempt was made from 
1982 through 1984 in Japan [29] with a different degree of positive outcome. In 1987 Yamashina 
et al. carried out a time domain analysis on the data obtained by experiments conducted on 
equipment in petroleum refinery plants and laboratories in Japan [29]. They reported that leakage 
in sealing gap results in a reduction of the AE amplitudes or an increase of the fluctuation of AE 
levels that will permit the prediction or detection of mechanical seal failures. In their research, 
the effect of different operating conditions on the performance of a faulty mechanical seal has 
not been considered. Therefore, it is unlikely practical to make a solid conclusion for the purpose 
of fault detection in industrial mechanical seals based on previous works as has been summarised 
in Table 1.2.  
In this chapter, tribological AEs are investigated to estimate the state of mechanical seals and 
acquisition of some information by which common seal failures are predicted or detected. All 
experiments were conducted using the mechanical seal test rig presented in Chapter 6. The 
recorded data are processed using time domain and frequency domain analysis methods.  
8.2 Partial Dry Running Test 
Since mechanical seals are hydrostatically lubricated, running the test rig with the low values 
of sealed pressure will simulate the condition under which partial dry running occurs. This 
concept can be understood mathematically by Equation (7.10). For low sealed pressures the 
hydrostatic pressure in the sealing gap, hysP , is too small and hence the closing pressure has 
to be supported by the asperity contact pressure, ContactP , at lower speeds as well as 
hydrodynamic pressure, hydP , that is established at higher speeds. Therefore, the lower 
sealed pressures are used, the bigger is the positive asperity contact pressure. Too much 
contact pressure may cause significant dry rubbing, overheat and eventually failure of the 
mating rings. To avoid damaging the mating faces the sealed pressure was kept around 0.4 
bar in this test, Figure 8.1.  
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Figure 8.1 Sealed pressure values during the partial dry running test  
8.2.1 Time Domain Analysis 
To compare the AE responses of the partial dry running test with the baseline test, Figure 
8.2 presents typical time domain signals under different speed and pressure settings. In each 
row sealed pressure is constant and speed increases gradually, and vice versa for each 
column. It is immediately noticed that partial dry running test has been carried out at constant 
sealed pressure (0.4 bar), and hence in each column the same signal is observed against the 
changes of the baseline due to the sealed pressure increase. 
Since in the partial dry running test the sealing chamber is not pressurized, dry contact occurs 
between the mating faces. Moreover, the severity of asperity collisions is not confined by 
the lubricant film. Consequently, at low rotational speeds of shaft the peak asperity contact 
occurs under a poor lubrication condition. Hence as it is observed in Figure 8. 2, the number 
of burst responses is more in partial dry running test due to peak asperity contact increase. 
However, the amplitude of the baseline test is relatively higher due to the more asperity 
deformations (massive asperity contact) in the pressurized case.  
By increasing the speed gradually, the seal faces become separated. Therefore, the severity 
of elastic asperity deformations increases significantly in the partial dry running test due to 
the slightly smaller sealing gap that is achieved in the absence of a strong hydrodynamic 
pressure lift up rather than the normal sealing gap in the baseline test. This can be better 
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understood to be the effect of total closing force decrease in partial dry running test, 
Equations (7.9), due to the lack of sealed pressure. To compensate the lower closing force, 
the smaller sealing gap is formed in partial dry running test that provides stronger flow of 
lubricant film, see Equations (5.8) to (5.11). 
Consequently, at lower speeds the AE amplitude of the baseline is higher due to the fact that 
the severity of dry contact is not enough to generate higher rate of elastic energy release in 
the partial dry running test. However, in the hydrodynamic lubrication regime the amplitude 
of AE responses from the partial dry running test is higher due to sever flow induced bending 
of asperities. Therefore, the AE amplitude as well as the number of burst type responses in 
the partial dry running test go up significantly with speed increase in the hydrodynamic 
lubrication regime.  
Figure 8.2 AE signal for healthy seal and partial dry running test  
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8.2.2 The Variation of AE RMS Value under Partial Dry Running Test 
To compare the energy released due to AE activity in the sealing gap, the average RMS 
value of AE signals recorded during three different tests are calculated and presented for 
both baseline and partial dry running tests versus the actual speed of shaft, Figure 8.3. 
Figure 8.3 The AE RMS values for healthy seal and dry running test under different 
operating conditions 
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Based on Figure 8. 3 in the partial dry running test the RMS value first increases by the speed 
increase from 120 rpm to 180 rpm indicating that the boundary lubrication regime is 
dominant. This confirms that dry rubbing between the mating faces happens at lower speeds 
that causes the RMS value goes up by the speed increase.  
By increasing the speed gradually to the minimum point of the curve, RMS value goes down 
due to better lubrication condition in the mixed lubrication regime. As the speed increases 
gradually, transition from the mixed into the hydrodynamic lubrication regime occurs and 
RMS value increases again by the speed increase. 
Compared with the base line test, the level of AE RMS value in the partial dry running test 
is lower at lower speeds due to the fact that the seals are pressurized in the baseline test. 
Therefore, massive asperity deformation occurs in the healthy case that generates higher 
level of AE energy. This could be better understood by considering Figures 8.3 (b) and (c), 
where the AE RMS level increases in the healthy case by the sealed pressure increase. 
By increasing the speed into the hydrodynamic lubrication region, the AE RMS value of 
partial dry running test sees higher values rather than the baseline test due to more AE energy 
released from the flow induced asperity deformations. Under this condition the slightly 
smaller sealing gap is achieved for the partial dry rung test that generates more elastic 
asperity deformations (e.g. flow induced asperity deformation and viscous friction in fluid 
layers) in the hydrodynamic lubrication region, Equations (7.9). The smaller sealing gap 
provides stronger flow of lubricant that causes more elastic asperity deformations. 
Furthermore, the transition from the mixed to the hydrodynamic lubrication regime happens 
at lower speeds for partial dry running test compared with the baseline. This is mainly caused 
by the fact that seal faces are not pressurized in partial dry running test and hence the sealing 
gap increases easily (up to a threshold) by increasing the speed due to the establishment of 
hydrodynamic pressure lift up. In other words, the hydrodynamic lubrication is established 
at lower speeds in the absence of strong hydrostatic lubrication in partial dry running test. 
8.2.3 The Variation of AE Kurtosis Value under Different Operating Conditions 
In Figure 8.4 a comparison of AE kurtosis values is made between the baseline test and dry 
running test when sealed pressure is constant and speed increases gradually. As it is 
observed, at lower speeds in the partial dry running test the contact is confined to the asperity 
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tips that leads to more peaked probability density function due to lower values of RMS (or 
standard deviation). Therefore, kurtosis sees higher values compared with baseline. This 
gives a good evidence for the purpose of fault detection at lower speeds. 
By increasing the speed into the hydrodynamic lubrication regime, the kurtosis values get 
closer to zero in both cases indicating that the distribution of AE signals is very close to the 
normal distribution. Therefore, this speed dependency of kurtosis value allows dry running 
to be indicated at lower speeds, where other time domain features do not make such a big 
difference with the baseline. 
Figure 8.4 The AE kurtosis values for healthy seal and dry running test under different 
operating conditions 
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8.2.4 Frequency Domain Analysis 
Figure 8.5 compares the spectra of AE signals for the baseline and partial dry running tests 
when the seal operates under different speed and pressure settings.  
Figure 8.5 AE spectra for healthy seal and dry running test under different operating 
conditions 
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severity of asperity deformations goes up due to speed increase, Equation (7.7). Here, the 
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provides higher rate of AE energy release as depicted by Equations (7.9). In addition, better 
separation between two cases is observed rather than AE signal in time domain especially at 
lower speeds. 
8.2.5 Model Response to Partial Dry Running Test 
Now that the effectiveness of the mathematical models developed in Chapters 5 and 7 is well 
established to monitor the tribological behaviour of the sealing gap (see Section 7.4), it 
would be worthy to examine the response of model to the partial dry running test. 
Figure 8.6 shows the relationship between AE RMS value and the sliding speed when the 
rig operates under partial dry running test. The beset curve is fitted on the test results using 
statistical analysis carried out in MATLAB.  
  Figure 8.6 The relationship between AE RMS value and sliding speed in dry running test 
Based on Figure 8.9 the power value obtained for rotational speed in the mixed lubrication 
regime is very close to the values that have been achieved for the healthy case (see section 
7.4.1). Hence it is unlikely possible to detect partial dry running using the developed 
equations. In other words, the deviations from baseline is not enough to be detected by the 
model in the mixed lubrication condition. 
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The power trend achieved here for the sliding speed in the hydrodynamic lubrication regime, 
1.329, is slightly bigger than the power trend achieved for healthy case in Section 7.4.1. A 
plausible explanation for this difference is that the rate of AE generated due to viscous 
friction and fluid induced asperity deformations in the hydrodynamic lubrication regime is 
higher for the partial dry running test than the base line as presented in previous discussions. 
However, this difference is not big enough that can be used for reliable model based 
condition monitoring of mechanical seals. In fact, the mechanism of AE sources in partial 
dry running test is similar to the healthy case and hence the developed equations cannot 
generate a remarkable difference. 
8.3 Spring Fault Test 
Based on the discussion made in Section 2.1.3 the spring force has an important role to insure 
positive closing force at low pressures as well as during assembly. The springs in seal head 
assembly may subject to fatigue and corrosion and hence fail to meet the expected functions. 
Examination of hundreds of seal failures by different researchers has revealed that most 
failures are not caused by seal wear out. For many failures the amount of wear is on the order 
of thousandths of a millimetre whereas the seal is designed for about 3-mm wear before 
failure [4, 88]. Buck reported that as the seal face wears away, the spring load decreases. For 
linear spring rates Buck proposed that [88]: 
)1(
i
w
sis L
LFF
∆
∆
−=         (8.1) 
Where sF is the spring force [N], siF  is the initial or as installed spring load [N], wL∆  is 
the height worn away from the seal face during operation [m] and iL∆ is the total spring 
compression (including preload) [m].  
Therefore, it is necessary to study the changes in AE features with the spring force change. 
For the research purposes different experimental programs can be carried out to investigate 
the effect of spring fault on tribological behaviour of the sealing gap. For instance, it is 
possible to change the stiffness or make a fault in the spring itself. Since this thesis aims to 
provide some fundamental results on the effectiveness of the AE measurements for the 
purpose of fault detection in seals, as discussed in Section 6.5.5, the spring fault test were 
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carried out by taking off 2 springs out of 12 available springs in the seal head assembly. In 
theory the total stiffness of parallel springs is calculated based on Equation (8.2) 
...21 ++= SSST KKK         (8.2) 
where KT is total stiffness and Ki is the stiffness of each spring 
Figure 8.7 The concept of parallel springs 
Based on Equation (2.3) by taking some springs off the spring force goes down however the 
net hydraulic loaded face area, hA , remains unchanged with springs as shown with red circles 
in Figure 8.8. This causes the closing force decrease that is expected to lead to friction 
decrease in the sealing gap. 
 
(a) Normal springs    (b) Springs out 
Figure 8.8 The concept of increase in the net hydraulic loaded area 
8.3.1 Time Domain Analysis 
Figure 8.9 compares the typical AE signals from the spring out test with the baseline under 
different speed and pressures settings. As it is observed in the most cases (except for 
hydrodynamic lubrication regime at 2 bar sealed pressure), the amplitude of AE signals and 
the number of burst type responses increase in the spring out test that does not support the 
conclusion made in previous section (decreasing in friction force). The most likely reason 
for increasing the friction force (and consequently AE activity) is that the sealing gap is 
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uneven with two springs out and that there are face regions which see higher contact 
pressure, hence higher AE level. Consequently, the amplitude of AE signals and the number 
of burst type responses increase due to higher elastic energy released from the mating 
asperities. The burst type AE responses are generated due to deformation of peak asperities, 
while massive asperity deformation generates continuous type AE signal. In either cases, it 
could be generated due to direct asperity contact or flow induced asperity deformations. 
    Figure 8.9 AE signal for healthy seal and spring out test 
8.3.2 The Variation of AE RMS Value under Different Operating Conditions 
To investigate the effect of taking two spring out on the level of AE activity, the average 
RMS value of AE signals recorded during three different tests are calculated and presented 
in Figure 8.10. As illustrated in Figure 8.10 for the experiments have been carried out at 
speeds less than 600 rpm, the base line test has a concave curve while for the spring out test 
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the AE RMS value sees a convex trend. This is due to the fact that the micro geometry of 
contact in the sealing gap is changed by taking two springs out, therefore uneven deformation 
occurs that affects the trend of AE RMS value curve. In addition, for the experiments have 
been conducted at lower speeds, the boundary lubrication regime is observed for the spring 
out test due to uneven sealing gap. Therefore, the RMS value is higher for the faulty seal at 
lower speeds indicating the more interaction between asperities and hence more AE activity. 
Figure 8.10 The AE RMS values for healthy seal and spring out test under different operating 
conditions 
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By increasing the speed into the hydrodynamic lubrication regime, AE RMS curves related 
to the faulty seal become more stable due to the separation of mating faces. However, the 
position of the curves shifts up and down by increasing the sealed pressures compared with 
the baseline. The uneven sealing gap also causes that the transition from the mixed to the 
hydrodynamic lubrication occurs at higher speeds. 
8.3.3 The Variation of AE Kurtosis Value under Different Operating Conditions 
Figure 8.11 compares the kurtosis of AE signals from the spring out test with the baseline 
under different speed and pressures settings.  
Figure 8.11 The AE RMS values for healthy seal and spring out test under different operating 
conditions 
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Since in the spring out test uneven sealing gap is achieved, uneven asperity deformations 
(whether in direct contact or fluid induced one) occurs. Consequently, at low sealed 
pressures (e.g. 2 bar, Figure 8.11 (a)) the kurtosis value of spring out test gets closer to the 
kurtosis value of Gaussian distribution. By increasing the sealed pressure, Figures 8.11 (a) - 
(c), more uneven deformations occur in the sealing gap that causes some fluctuations in the 
kurtosis trend especially in the mixed and hydrodynamic lubrication regimes. Therefore, this 
speed and load dependency of kurtosis allows that spring fault to be identified. 
8.3.3 Frequency Domain Analysis 
Figure 8.12 compares the spectra of AE signals from the spring out test with the baseline 
under different speed and pressures settings.  
Figure 8.12 AE spectra for healthy seal and spring out test under different operating 
conditions 
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At lower speeds, i.e. 120 rpm or 450 rpm, the amplitude of spring out test is higher than the 
baseline due to more uneven deformation that generates higher rates of strain energy released 
in the sealing gap. By increasing the rotational speed of shaft, the amplitude of the faulty 
case becomes closer to the baseline gradually, indicating that the effect of uneven sealing 
gap on the AE spectra becomes less significant. Therefore, this dependency of AE spectra 
to the spring fault test has a promising potential to be used for the purpose of fault detection, 
especially at lower speeds where a remarkable difference is observed with the baseline. 
8.3.4 Model Response to Spring Fault Test  
To compare the results of AE RMS analysis related to spring out test with the proposed 
mathematical models, a statistical analysis was carried out in MATLAB, Figure 8.13 to 
Figure 8.15. It is noted that due to fluctuations in the AE RMS value related to 8 bar sealed 
pressure in the hydrodynamic lubrication region, the curve fitting was carried out for 7 bar 
sealed pressure as illustrated in Figure 8.15.  
Figure 8.13 The relationship between AE RMS value and sliding speed in spring out test 
under 2 bar 
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Figure 8.14 The relationship between AE RMS and sliding speed in spring out test under 5 
bar 
Figure 8.15 The relationship between AE RMS and sliding speed in spring out test under 7  
bar 
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Based on Figures 8.13 to 8.15, the achieved values of coefficient of determination in the 
mixed lubrication region is significantly lower than the values achieve for baseline analysis 
(see Section 7.4). Hence this deviation from the baseline analysis which arises due to the 
concave nature of AE RMS value curves is useful for the purpose of fault detection. 
However, In the hydrodynamic lubrication regime the results are same as the baseline test 
indicating that the deviations from the baseline are not big enough to generate significant 
responses in model. 
Figure 8.16 presents the test results to investigate the effect of sealed pressure on AE RMS 
value when the spring fault seal is operated at low speeds. 
Figure 8.16 The relationship between AE RMS value and sealed pressure in defective seal 
test 
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As it is illustrated in Figure 8.16 (a)-(e), the liner polynomial trend predicted for contact load 
by Equation (7.13) is achieved with a good accuracy. The best coefficient of determination 
is achieved for speed 180 rpm, Figure 8. 21 (b). This gives a good evidence that developed 
model is effective to study the effect of sealed pressure on AE level especially when more 
elastic deformation occurs in the sealing gap. 
8.4 Defective Seal Test 
In addition to dry running and spring fault, other mechanisms may contribute to damage the 
mating faces. For instance heat checking is observed on the mating faces that radiates from 
the centre of the seal ring, Figure 8.17 (a). They may be caused by localized expansion 
resulting from sever temperature changes due to dry running or excessive pressures or 
rotational speeds. Moreover corrosion of a seal ring as a result of chemical attack may occur 
specially for seals that are used in corrosive atmospheres, Figure 8.17 (b). Sometimes the 
situation get worse and mating ring is cracked due to thermal or mechanical shock that is 
more observed in case of ceramic faces Figure 8.17 (c). 
 
(a) Heat checking  (b) Corroded ring       (c) Cracked ring 
Figure 8.17 Common seal face defects 
The defective seal faces reduce the sealing performance of a mechanical seal and may lead 
to higher values of leakage rate. Based on the Equation (7.10) if the sealed pressure goes 
down to a minimum possible level and spring force is not powerful enough, then the negative 
contact pressure is achieved. This means that opening forces overcome the closing forces 
and the mechanical seal is failed. It is immediately noted that when leakage occurs in 
mechanical seals, it may be due to an excessive liquid film which might be formed in the 
sealing gap or it may be due to excessive damage which might happen to the mating faces. 
The former is not the subject of this study and to investigate the latter, as discussed in Section 
6.5.7, some damages were made on the mating ring to simulate the condition under that 
excessive wear and leakage occurs in mechanical seals. 
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8.4.1 Time Domain Analysis 
To compare the AE responses related to the defective seal with the baseline, Figure 8.18 
presents typical time domain signals under different speed and pressure settings. Since in the 
defective seal test the seal faces are scratched, hence at the low rotational speeds of shaft 
severe asperity contact happens especially on defective regions. As a consequence, the 
amplitude of the AE signals and number of burst type responses increase due to higher elastic 
energy that is released from the contact asperities, Equation (5.31). 
Figure 8.18 AE signal for healthy seal and defective seal test  
By increasing the speed to the hydrodynamic lubrication regime the seals become fully 
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is not strong enough to generate elastic deformation in the mating asperities, Equations (5.8) 
to (5.11). In addition, the shear rate in fluid lubricant decreases due to increase in the sealing 
gap, Equation (5.62). The most likely reason for the gap increase is thermally induced 
waviness caused by the cooler areas around the scratches versus region in between the 
scratches that generates higher hydrodynamic pressure lift up. Consequently, the AE 
amplitude and the number of burst type responses decrease. 
8.4.2 The Variation of AE RMS Value under Different Operating Conditions 
In Figure 8.19 a comparison of the average AE RMS values recorded during three different 
tests is made between the baseline test and defective seal test when sealed pressure is 
constant and speed increases gradually. 
Based on Figure 8.19, for or the experiments have been conducted at lower rotational speeds 
of shaft (less than 200 rpm) an increase in the AE RMS value is observed due to sever 
asperity contact and excessive wear for the defective seal test. This indicates that for 
defective seal test the boundary lubrication regime is dominant at lower speeds. However, 
at same rotational speeds, boundary lubrication regime is not observed for the baseline at 
low or medium sealed pressures. 
By increasing the speed gradually, the RMS value goes down due to improvement in the 
lubrication condition that occurs in the mixed lubrication regime. By increasing the speed 
into the hydrodynamic lubrication region the RMS value of AE signals related to the 
defective seal becomes passive and does not show significant change due to higher rates of 
leakage in the sealing gap.  
Hence for the lower speeds the AE RMS value related to defective seal sees higher values 
compared with the baseline test. At higher rotational speeds of shaft, when transition to the 
hydrodynamic lubrication occurs and the mating faces become fully separated, AE RMS 
value does not change significantly by the speed increase. Under this condition, higher 
values of leakage rate occur at the sealing gap and the seal is failed.  
Therefore, the variations in the AE RMS value is useful to detect wear at lower speeds and 
leakage at higher speeds. This is of high importance in engineering applications as the 
excessive loss of fluid from the sealing system indicates the failure of mechanical seals. 
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Figure 8.19 The AE RMS values for healthy seal and defective seal test under different 
operating conditions. 
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rational speeds the RMS value of AE signals sees higher values compared with the baseline. 
Higher RMS values refers to the higher standard deviation in AE signals as discussed in 
Section 7.3.3. The standard deviation increase in defective seal test can be understood to be 
the effect of changes in the surface topography. The surface texture of damaged seal includes 
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two components: standard seal surface finish and some sharp asperity peaks generated on 
scratched regions. The latter component causes higher standard deviation in AE signals 
recorded from the damaged seal compared with the healthy one. Therefore, kurtosis value 
of AE signals related to the defective seal test sees lower values at low speeds as illustrated 
in Figures 8.20 (a) to (c). 
Figure 8.20 The AE kurtosis values for healthy and defective seal 
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level up to a threshold (1200 rpm), see Figure 8.19. For the experiments have been carried 
out after this threshold, kurtosis stars going up again for the faulty case which is not 
consistent with the expected decreasing trend (as the RMS goes up in Figure 8.19), although 
it generates big deviation from the baseline that is useful for fault detection.   
It is immediately noticed that the kurtosis of AE signals related to the defective seal test sees 
unexpected fluctuations especially at higher speeds. A plausible explanation is that kurtosis 
is more affected by the volume of asperity deformation (e.g. sealed pressure) rather than the 
severity of elastic deformations (e.g. sliding speed). For instance, by increasing the sealed 
pressure, Figure 8.20 (b)-(c), more asperities are deformed due to direct contact or fluid 
induced deformations. Therefore, the standard deviation of AE data increases that means 
kurtosis decrease. 
8.4.4 Frequency Domain Analysis 
In Figure 8.21 a comparison of AE spectra is made between the baseline test and defective 
seal test. As it is observed better separation between healthy and faulty case is achieved in 
spectra rather than the time domain signal.  
At lower speeds of shaft, i.e. 120 rpm or 450 rpm, by increasing the sealed pressure the 
amplitude of AE signals related to the defective seal goes up significantly compared with 
the baseline due to sever asperity contact and exercise wear compared to the base line, 
Equation (5.31) 
By increasing the speed to the mixed lubrication regime, the improvement in lubrication 
condition causes less direct asperity collisions and hence the amplitude of AE spectra goes 
down for both cases. This decreasing trend is more significant for defective seal rather than 
baseline.  
In the hydrodynamic lubrication regime, the sealing gap becomes bigger and opening forces 
overcome the closing forces. Therefore, leakage occurs and mechanical seal is failed. As a 
result, the amplitude of AE spectra goes down significantly for defective seal compared to 
the baseline. Under this conditions the amplitude of AE spectra does not change significantly 
by increasing the load. This trend has been predicted by Equation (5.46), where it has been 
claimed that AE level has less connection with sealed pressure. 
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   Figure 8.21 AE spectra for baseline and defective seal test 
8.4.5 Model Response to Defective Seal Test 
To investigate the dependency of AE RMS value on the sliding speed and sealed pressure 
during the defective seal test and to connect the results with the proposed mathematical 
models, a statistical analysis was carried out in MATLAB. 
Based on Figure 8.22 the power trend achieved for sliding speed in the mixed lubrication 
regime (-0.5892) under 2 bar sealed pressure is very close to the value predicted by Equation 
(7.3) in direct asperity contact. This shows that sever asperity contact happens due to 
artificial scratches made on the mating ring. In spite of the fact that by increasing the sealed 
pressure to 5 bar and 8 bar more asperities come to contact but the power value of sliding 
speed decreases due to better lubrication that established, Figures 8.23 and 8.24. Under this 
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condition the power value achieved in the defective seal test lays into the range achieved for 
healthy seal (see Section 7.4.1) and hence generates the same responses as healthy seal for 
lower speeds. This may confirm the effectiveness of Equation (7.3) to predict the AE 
excitations due to asperity collisions. 
Since the sealing performance of defective seal is not good enough, leakage happens in the 
hydrodynamic lubrication regime. As a result, a big difference is seen between the power 
trend predicted by Equation (7.7) for the sliding speed and what achieved in the defective 
seal test, see Figures 8.23 and 8.24. Based on Equation (7.7), the power value predicted by 
model is greater than unit value, however that trend is not achieved here. This gives good 
evidence that the Equation (7.7) can be effectively applied to detect the leakage condition 
which is the main situation that shows the failure of a mechanical seal. Moreover, the value 
of coefficient of determination is significantly lower than the achieved value in healthy case. 
Figure 8.22 The relationship between AE RMS value and sliding speed in defective seal 
test under 8 bar 
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Figure 8.23 The relationship between AE RMS value and sliding speed in defective seal 
test under 5 bar 
Figure 8.24 The relationship between AE RMS value and sliding speed in defective seal test 
under 8 bar 
0 1 2 3 4 5 6 7
Sliding speed(m/s)
0.025
0.03
0.035
0.04
0.045
0.05
0.055
A
E
 R
M
S
(m
V
)
5 bar
ML:Vrms=a*x b : a=0.04556,b=-0.4396,R-square=0.8778
HL: Vrms=a*x b : a=0.0213,b=0.4122,R-square=0.8128
0 1 2 3 4 5 6 7
Sliding speed(m/s)
0.05
0.055
0.06
0.065
0.07
0.075
0.08
0.085
A
E
 R
M
S
(m
V
)
8 bar
ML:Vrms=a*x b : a=0.07627,b=-0.3423,R-square=0.9728
HL: Vrms=a*x b : a=0.04396,b=0.2293,R-square=: 0.6338
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
201 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
Figure 8.25 presents the test results to investigate the effect of sealed pressure on AE RMS 
value when the defective seal is operated at low speeds. As it is illustrated in Figure 8.25 (a)-
(e), the liner polynomial trend predicted for contact load by Equation (7.13) is achieved with 
acceptable accuracy. The best coefficient of determination is achieved for speed 120 rpm, 
Figure 8.25 (a). In general, by increasing the speed the coefficient of determination goes 
down due to better lubrication condition and less asperity interactions. 
Figure 8.25 The relationship between AE RMS value and sealed pressure in defective seal 
test 
2 3 4 5 6 7 8
Sealed pressure(bar)
0
0.05
0.1
A
E
 R
M
S
(m
V
)
Speed 120 rpm(a) Measured signal
Vrms=a*x+b: a=0.004621,b=0.02902,R-square=0.883
2 3 4 5 6 7 8
Sealed pressure(bar)
0
0.05
0.1
A
E
 R
M
S
(m
V
)
Speed 180 rpm(b) Measured signal
Vrms=a*x+b: a=0.00621,b=0.02375,R-square=0.7957
2 3 4 5 6 7 8
Sealed pressure(bar)
0
0.05
0.1
A
E
 R
M
S
(m
V
)
Speed 240 rpm(c) Measured signal
Vrms=a*x+b: a=0.006188,b=0.01534,R-square=0.7399
2 3 4 5 6 7 8
Sealed pressure(bar)
0
0.05
0.1
A
E
 R
M
S
(m
V
)
Speed 300 rpm(d) Measured signal
Vrms=a*x+b: a=0.0058,b=0.01181,R-square=0.7554
2 3 4 5 6 7 8
Sealed pressure(bar)
0
0.05
0.1
A
E
 R
M
S
(m
V
)
Speed 360 rpm(e)
Measured signal
Vrms=a*x+b: a=0.005368,b=0.01082,R-square=0.7999
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
202 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
8.5 Main Findings 
In this chapter, AE responses were discussed to estimate the state of mechanical seals and 
acquisition of some information by which common seal failures i.e. dry running, spring fault, 
and damaged seal are detected. The AE features were used in this chapter are row time 
domain signal, RMS value of AE signal, Kurtosis and the amplitude in frequency domain  
In partial dry running test as well as spring out test the amplitude of AE signal is higher for 
the faulty case and it includes more burst type AE responses. |For defective seal test, the 
amplitude of AE signal as well as the number of burst type responses increases in low speed. 
By increasing the speed to the hydrodynamic lubrication regime, the seals become fully 
separated and leakage occurs due to the fact that sealing is not performed properly. 
Consequently, the AE amplitude and the number of burst type responses decrease.  
Analysis the results of AE RMS value in terms of rotational speed of shaft shows a good 
sensitivity of this feature to the change in the frictional state of sealing gap. Whether more 
or less asperity deformation happen (depend on the type of fault and lubrication state) AE 
RMS value gives good response to the frictional state of sealing gap. The effectiveness of 
AE models developed in this work has been confirmed again. The developed equations are 
effectively able to detect the leakage which is the main failure symptom of mechanical seals. 
To explain the results of kurtosis analysis, the main strategy developed in Chapter 7 was 
used. On the basis of this strategy, the kurtosis of AE data was shown to be an effective tool 
to separate healthy and faulty cases especially at lower speeds. 
Analysis the results in frequency domain is in good agreement with analysis the amplitude 
of time domain signal. However, in some cases which the amplitude of AE signal is very 
close for both healthy and faulty case (such as in spring out test), the frequency domain 
analysis gives better separation between healthy and faulty case. 
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Chapter Nine; 
9 Conclusions and Future Work 
 
This chapter summarises the achievements and key conclusions arising from this thesis on 
the basis of the objectives defined in Chapter 1. This is started with a summary of the 
objectives, an explanation of how objectives were achieved and the key findings drawn from 
this research. This is followed by a summary of the author’s key contributions to knowledge 
and the novel aspects of the research undertaken. Finally, suggestions are made for future 
research avenues in condition monitoring of mechanical seals that would advance the 
investigations presented in this research work. 
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9.1 Review of the Thesis Objectives and Achievements  
The achievements and contributions of this work are presented in this chapter. This research 
has focused on the study of the tribological behaviour of mechanical seals for the purpose of 
on-line condition monitoring and fault detection  
Theoretical analysis and experimental studies were carried out on the tribological AEs from 
a purposed built test rig, and a selection of signal processing methods were implemented to 
investigate the effect of tribological behaviour of sealing gap on the AE signal 
characteristics. The key challenge and focus of this research is to identify effective AE 
signatures and feature parameters for diagnosing mechanical seals under wide operating 
conditions. Focus is paid to explain the tribological behaviour of the mechanical seals based 
on a mathematical model that has been developed to describe the elastic energy released 
from dominant AE sources in the sealing gap. These are essential for condition monitoring 
and fault detection purposes in mechanical seals. 
The key achievement of this study is that a novel AE based condition monitoring technique 
has been developed for monitoring the tribological behaviour of mechanical seals. This 
provides a fundamental basis for the purpose of fault detection in mechanical seals. 
Following the key achievement, a number of main achievements are realised in this research, 
which are depicted as: 
Objective 1: To perform a literature review and establish the theory, evidence and 
knowledge gaps in relation to nonlinear tribological behaviour and condition monitoring of 
mechanical seals. 
Achievement 1: The concept of tribological behaviour of mechanical seals as well as the 
key parameters in operation of mechanical seals have been discussed in Chapter 2. Then 
different condition monitoring techniques were briefly reviewed to assist in understanding 
of their advantages and disadvantages to monitor the condition of mechanical seals, Section 
4.1 includes a critical discussion of key studies in this area. On this basis, AE was selected 
to monitor the tribological behaviour of mechanical seals. By reviewing previous literature, 
it was also identified that direct asperity contact between the mating faces is considered as 
the main parameter for the failure of mechanical seals. However, it was understood from 
Chapter 2 that mechanical seals ideally work around the transition point from the mixed to 
the hydrodynamic lubrication regime, where the minimum level of rubbing (asperity contact) 
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occurs between mating faces. From here it was achieved that other mechanisms such as 
viscous friction in lubricant layers as well as flow induced asperity deformations are 
contributing in nonlinear tribological behaviour of mechanical seals. These novel concepts 
were discussed in Section 5.6 and 5.7. 
Objective 2: To carry out a comprehensive literature review and provide a theoretical basis 
for monitoring the tribological behaviour of rotating machines based on AE measurements. 
Achievement 2: The concept of AE condition monitoring as well as the effectiveness of 
technique for monitoring the condition of rotating machines were discussed in Chapter 4. A 
general discussion was made on the propagation modes of stress waves under different 
boundary conditions that mathematically shows the complexity of the AE phenomenon. It 
was found that to establish a successful condition monitoring system, the characteristics of 
AE waves in real measurement such as attenuation and distortion of wave form are needed 
to be fully understood. 
Objective 3: To improve the performance of and design and construct new parts for available 
mechanical seal test rig to simulate wide range of operating parameters and desired faults. 
Achievement 3: Based on the literature review has been carried out in this research it was 
found that little research on condition monitoring of mechanical seals using industrial test 
rigs are available. Hence as one of the objectives of this thesis, a novel test rig for research 
on the condition monitoring of mechanical seals was designed and constructed in Chapter 6. 
To ensure the test rig replicates the usual seal arrangement in practical applications such as 
pumps, real industrial mechanical seals rather than just pairs of face seal materials were 
employed. To get stronger AE signals, larger mechanical seals for larger pumps were 
selected. Since in the studies related to tribological behaviour of mechanical seals 
remarkable values of temperature rise have been reported, keeping the temperature near the 
isothermal condition was another objective itself. Hence a novel auxiliary circulating system 
was designed and added to the teat rig. Using this system, the changes in temperature was 
so small (the temperature of working fluid was kept around 26 ±2℃   during tests) that it can 
be considered logically as a near isothermal conditions. 
Objective 4: To model the acoustic emission level caused by different AE sources at the 
sealing gap in terms of operating speed, load and other working parameters.  
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Achievement 4: The development of an effective mathematical model that can predict the 
level of AE excitations from different source mechanism at the sealing gap was one of the 
main objectives of this research. Chapter 5 successfully proved an approach to mathematical 
modelling of strain energy released during the elastic deformation of asperities as well as 
shearing of the sealed fluid in the sealing gap, these are considered as the dominant AE 
sources in this research.  
However due to importance of monitoring the tribological behaviour of mechanical seals it 
is worthy to develop a strong theoretical basis that can explain the level of AE signals from 
different lubrication conditions of mechanical seals. To achieve this the developed models 
for different AE source mechanisms were mixed together based on the tribological behaviour 
of mechanical seals in Sections 7.4.1 and 7.4.2. According to these models it is possible to 
describe AE level under different lubrication regimes of mechanical seals that has not been 
reported in previous works. 
Objective 5: To develop MATLAB codes for processing the data outputs from the sensors. 
Achievement 5: This thesis adopted the data-streaming technology and developed a novel 
AE measurement in Section 6.3. This novel system allowed sufficient original AE signal to 
be saved on a hard disk without any interruption. Processing and analysis was performed 
using MATLAB programming including time domain, frequency domain, time -frequency 
domain as well as useful statistical parameter analysis. 
Objective 6. To design a comparative experimental program to find the proper frequency 
band that can present the tribological behaviour of sealing gap. 
Achievement 6: One of the main objectives of this research was to identify the proper 
frequency range that can present the tribological behaviour of AE sources. As long as this 
objective is not achieved further processing of data may lead to wrong results. In general, 
the difficulty of the AE condition monitoring lies in the highly interacting influence of 
different AE sources as well as background noises on the generation of AE signals during 
the operation of mechanical seals. Hence a comparative experimental program was designed 
including three different tests: sealed free test, static test, transient speed test, Section 6.5. 
The recorded data were fed into an advance computing method in time-frequency domain 
so that reliable and effective results could be gained. Based on the results the main AE 
frequency band was found to be in the range of 270 ± 35 kHz and it did not shift under 
different operational conditions. 
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Objective 7. To design and carry out an experimental program that simulates different 
lubrication regimes in the operation of mechanical seals.  
Achievement 7: To investigate the tribological behaviour of mechanical seals and provide 
a baseline for the research, a comprehensive experimental program has been designed and 
carried out. The aim of this experimental study was to demonstrate a correlation between 
AE signal parameters in time domain and frequency domain with different lubrication 
regimes of mechanical seals. To achieve this the experiment program has been designed 
with a matrix configuration including 7 different loads and 10 different speeds to simulate 
different lubrication conditions, as discussed in Section 6.5.4. 
Objective 8. To extract of the effective AE features to monitor the tribological behaviour of 
mechanical seals. 
Achievement 8: In spite of the fact that the analysis in the time-frequency domain has been 
carried out to distinguish signal from noise, it was not effective to indicate the mechanism 
of the frictional AE sources as well as severity of asperity deformations in the sealing gap. 
Hence to investigate the frictional behaviour of sealing gap under different lubrication 
regimes, the raw AE signals have been analysed in time domain and frequency domain that 
can provide much more details. Some simple statistical features including RMS and kurtosis 
are found to be useful to monitor the tribological behaviour of the sealing gap. The 
interconnections between these AE features and developed model have been demonstrated. 
Objective 9. To implement experiments to replicate common faults in the mechanical seals. 
Achievement 9: To prove the potential of the tribological AEs to detect the seal faults at 
early stages, three different common failure modes of mechanical seals were tested: partial 
dry running test, spring fault test and defective seal test. The main achievement of this 
original experimental program was to prove the significant change of the AE features from 
the faulty seal that makes it possible to perform a robust comparison against the baseline. 
The analysis of the experiment data verified the AE features extracted to study the baseline 
are also effective to detect faults in mechanical seals. 
Objective 10: Study and verification of developed mathematical models to investigate 
tribological behaviour of mechanical seals and for detecting faults. 
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Achievement 10: The design of baseline experiment as well as fault simulation program 
were carried out to examine the change of AE signatures in terms of sealed pressure and 
sliding speed for both healthy and faulty conditions. It was found that there was underlying 
relationship between the AE RMS and the change of the operational conditions in 
mechanical seals (see Section 5.2). The results of the conducted experimental study also had 
a good agreement with the model developed in Chapter 6. This original work now is able to 
predict the AE level under different lubrication regimes of mechanical seals, especially in 
mixed and hydrodynamic lubrication regime where no previous model is available. In 
addition, a significant deviation from the model was observed when leakage occurred in 
mechanical seals. This gives a good evidence that the proposed equations are effective for 
the purpose of fault detection at early stages. 
Objective 11: To provide future researches in condition monitoring of mechanical seals with 
a new and different idea for further work. 
Achievement 11: A number of recommendations are given for future work (see Section 9.4) 
on the condition monitoring of mechanical seals using AE measurements. Furthermore, the 
mathematical model developed in this research is now ready to be used for more advanced 
examination in wider range of operating conditions. 
9.2  Conclusions of the Research 
The main objective of this research was to investigate the tribological behaviour of 
mechanical seals for on-line condition monitoring and fault diagnosis based on AE 
measurement. The following key conclusions can be drawn based on the theoretical and 
experimental studies which have been presented in the previous chapters.  
9.2.1 Conclusions on the AE Measurement and Signal Processing 
1. The barrier for a successful AE condition monitoring is the difficulty in 
distinguishing AE signals generated by the seal itself from those by other sources 
and from the background noise. Studies in Chapter 7 also shown that the resonate 
frequency of the AE sensor as well as natural frequency of mating ring may cause 
some difficulties in interpreting the results. This requires an appropriate experimental 
procedure and signal processing method. 
2. Advanced data analysis can be conducted in the time domain, frequency domain and 
time-frequency domains by using the novel data streaming technology developed in 
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this work. The studies in Chapters 3 and 7 has proved that the analysis in the time-
frequency domain can be used to distinguish the tribological AEs from the 
background noises. However, it is not effective to indicate the mechanism of the AE 
source mechanisms. The main reason of such a lack of efficiency is due to the 
complexity of frictional process that generates AE waves in the sealing gap. 
Therefore, to study the tribological behaviour of mechanical seals at different 
lubrication regimes, the raw AE signals have been analysed in time domain and 
frequency domain that can provide much more details. 
9.2.2 Conclusions on Monitoring the Tribological Behaviour of Mechanical Seals 
using AE Measurements 
1. The main AE frequency band during the operation of mechanical seals was in the 
range of 235±35 kHz and it did not shift under different operational conditions. 
2. Based on the results of transient speed test, the amplitude of AE signal increases by 
rotational speed increase at higher speeds. Since mechanical seals are designed to 
work in the hydrodynamic lubrication regime at higher speeds, it can be concluded 
that in addition to direct asperity contact other AE sources exist in the sealing gap. 
3.  Three main mechanisms are contributing to generate tribological AEs in the sealing 
gap i.e. direct asperity contact, fluid induced asperity deformation and viscous 
friction in the lubricant layers. The former is significant in the boundary lubrication 
regime and the latter is dominant in the hydrodynamic lubrication regime. In the 
mixed lubrication regime, the interaction between direct asperity contact and viscous 
friction generates high frequency AE signals.  
4. Based on the mathematical models have been developed in this work, in direct 
asperity contact the root mean square value of AE signals is linearly proportional to 
the coefficient of friction and contact load. Also it is proportional to the square root 
of sliding speed. In viscous friction and fluid induced deformations the effect of 
sliding speed is dominant as the sealing gap changes by the speed change. In both 
models the root mean square of AE signals increases linearly with the sliding speed 
increase, also it is proportional with the square root of viscosity. In all models 
topography of the contact zone plays an important role.  
5. Based on the understandings from modelling of AE source mechanisms (Section 
7.4), the rate of AE energy release in the hydrodynamic lubrication regime can be 
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expressed as )(zVAU AE φτ
α∝ , while in the mixed lubrication regime the rate of 
AE energy release is given by )(zVWU AE φ
γβ∝ . Where τ is the shear strength 
of the lubricant layers, A  is the sealing interface area, V  is the sliding speed, α  is 
a positive constant determined by the size of sealing gap and )(zφ is a dimensionless 
parameter refers to standard height distribution of asperities,W is the contact load, 
β  is a positive constant determined by the number of contact asperities and γ  is a 
positive constant determined by sliding distance between contact asperities. 
6. When mating faces come to contact (e.g. by increasing the load) two types of asperity 
interaction occurs. First those asperities that their heights are larger than the average 
value of all asperity heights (it is called peak asperities) come to contact. Based on 
Equations (5.22) and (5.36), these asperities produce higher rates of AE excitations 
as they are subjected to more bending deformation. Therefore, the peak asperity 
deformation is responsible to generate burst type AE signals. By reducing the sealing 
gap those asperities that their heights are close to the average value of all asperity 
heights come to contact (massive contact) and hence more continuous type AE signal 
is generated. 
7. When mating faces become separated (e.g. by increasing the speed) two types of 
asperity deformations occur in the hydrodynamic lubrication regime. First those 
asperities that their heights are close to the average value of all asperity heights 
become separated and continuous compression and release in them due to flow of 
lubricant fluid produces more continues type AE signals. In the meantime, direct 
asperity collisions occur in the peak asperities that is responsible for the burst type 
AE signals. By increasing the speed gradually, the mating surfaces become fully 
separated and flow induced deformation in peak asperities generates burst type AE 
responses. 
8. Based on the analysis of the time domain signal, burst type AE responses exist in 
different sealed pressure and speed settings. This confirms that in the boundary and 
mixed lubrication regimes directed peak asperity contact generates burst type AE 
responses while in the hydrodynamic lubrication regime, the flow induced 
deformation that occurs in the peak asperities is dominant and hence produces this 
type of AE signals. 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
211 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
9. The average value of AE RMS could be used as a parameter triggering different 
levels of alarm in a long term on-line condition monitoring of mechanical seals. The 
mathematical models and the results of experimental studies have been conducted in 
this thesis (Section 7.4) revealed that there was a strong relationship between the AE 
RMS value and the change of lubrication regimes in mechanical seals. A very good 
agreement was achieved between the predicted and measured signals, Chapters 7 and 
8. The effectiveness of AE RMS together with the simplicity of its calculation made 
it an attractive AE feature for the condition monitoring of rotating machines.  
5. Kurtosis was a useful AE feature to indicate the severity of asperity contact between 
mechanical seal faces during operation. It was found that the value of kurtosis could 
reveal whether the contact only involved some peak asperities or massive ones 
(Section 7.3.3). When peak asperity deformation happen the kurtosis sees higher 
values. The more massive asperity deformation happens; the more kurtosis is close 
to the one related to normal distribution. Hence it provided the feature to insight into 
the operational behaviour of mechanical seals under different tribological regimes. 
9.2.3 Conclusions on Fault Detection in Mechanical Seals using AE Measurements 
1. In the partial dry running test as well as spring out test the amplitude of AE signal is 
higher for the faulty case and it includes more burst type AE responses. This is mainly 
due to more energy release from elastic deformation of asperities due to dry contact 
and uneven deformation of the sealing gap. The former is more dominant in partial 
dry running test and the latter plays more important role in the spring out test. | 
2. For the defective seal test, the amplitude of the AE signals as well as the number of 
burst type responses increase at low speed by the speed increase. By increasing the 
speed to the hydrodynamic lubrication regime, the seals become fully separated and 
leakage occurs due to the fact that sealing is not performed properly. Consequently, 
the AE amplitude and the number of burst type responses decrease.  
3. Analysis the results of AE RMS value shows a good sensitivity of this feature to the 
change in the frictional state of the sealing gap. Whether more or less asperity 
deformation happen (depend on the type of fault and lubrication state) AE RMS value 
gives good response to the frictional state of sealing gap. Since the mathematical 
models developed in Chapter 5 are based on AE RMS value, this gives a good 
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evidence that using those equations it is possible to understand the complex 
tribological behaviour of the sealing gap even under faulty conditions.  
4. When asperity deformations (whether direct contact or fluid induced) take place in 
peak asperities (such as in lower speeds for partial dry running test), the kurtosis sees 
higher values due to decrease in standard deviation of data. The more asperities 
which those heights are close to average value of asperity heights come in contact, 
the standard deviation sees higher values and hence the kurtosis goes down and gets 
closer to Gaussian distribution (such as in higher speeds for spring out test). In partial 
dry running test, the kurtosis sees higher values compared with baseline at low 
speeds. This gives a good evidence for the purpose of fault detection at lower speeds. 
However, it is immediately noticed that the kurtosis of AE signals related to the faulty 
case sees unexpected fluctuations especially at higher speeds. A plausible 
explanation is that kurtosis is more affected by the volume of asperity deformation 
(e.g. sealed pressure) rather than the severity of elastic deformations (e.g. sliding 
speed). 
5. Analysis the results in frequency domain is in good agreement with analysis the 
amplitude of time domain signal. However, in some cases that the amplitude of AE 
signal related to faulty case is very close to baseline (such as spring out test), the 
frequency domain analysis gives better separation between healthy and faulty cases. 
9.3 Novel Feature Summary and Contribution to the Knowledge 
This section summarises main aspects of novelty in developing on-line condition monitoring 
for mechanical seals, which have been incorporated a number of important advancements 
that are novel and not previously implemented by other researchers and practitioners. The 
following are the highlighted novel points.  
Novelty One:  
The thesis has identified that the key factor for the condition monitoring of mechanical seals 
was the deformation of asperities as well as viscous friction in the sealing gap (Section 5.3). 
No previous research investigated the relationship between AE signals and novel AE sources 
introduced in this work to investigate the tribological behaviour of mechanical seals. It is 
novel to have proved that the AE signals from operation of mechanical seals are caused by 
the asperity deformations in different tribological regimes (Section 7.3). 
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Novelty Two:  
It is believed that dynamic modelling of the AE signatures generated by the asperity 
deformations in the sealing gap is a novel and reliable approach. Using this model, it is 
possible to give a clear and comprehensive explanation to the change of AE features under 
both healthy and faulty conditions. Also modelling the AE generated by the viscous friction 
in fluid layer is part of the new knowledge produced in this thesis. 
Novelty Three:  
The author of this thesis believes that the combination of mathematical models developed 
for different AE sources in Chapter 7 produced general equations that can explain the 
tribological behaviour of mechanical seals under both healthy and faulty conditions. This is 
the first time that such a comprehensive model is proposed. 
Novelty Four:  
It is believed that the improvements in the primary design of test rig is novel due to the fact 
that it was not possible to run the primary rig under the speeds less than 600 rpm to simulate 
boundary and mixed lubrication regimes. Also author of this thesis believes that simulating 
defective seal and spring fault seal on previous configuration was not possible. Mechanical 
seals are fragile; every single component in the seal head assembly is designed to do a 
specific function. They are not designed to work even under very small degrees of faulty 
conditions. Author believes that running the test rig with the faulty seals so that it can 
simulate different lubrication regimes is novel. No previous work is available in this area.  
Novelty Five:  
The author of this thesis believes that the application of AE RMS value to identify different 
lubrication regimes under healthy and faulty conditions is part of the new knowledge 
produced in this thesis. Moreover, kurtosis of AE signal acquired from operational 
mechanical seals was given a physical meaning based on the mathematical models 
developed in this research. It is novel to relate the kurtosis to the tribological behaviour of 
mechanical seals. 
9.4 Recommendations for Future Work  
Recommendation 1: During this research three different faults have been simulated and the 
severity of fault was not investigated. The study of different degrees of damaged faces is 
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recommended. To simulate the condition under which leakage occurs in the mechanical 
seals, it is suggested to reduce the total stiffness by changing the springs rather than taking 
them off. Moreover, instead of partial dry running test, it is recommended to drain the sealing 
chamber slowly and investigate the changes in AE features. It is immediately noted that this 
may cause failure of the seals. 
Recommendation 2: As discussed in Chapter 2 tribology has two aspects, friction and wear. 
Study the change of AE features under different degree of wear is recommended. To do this 
a pair of approximately unbalance mating faces can be used to provide more closing force 
in the sealing gap. It is expected that gradual wear happens until the failure of the seals. As 
discussed in Section 2.6, different wear mechanisms may contribute in the failure of the 
seals. Hence it is necessary to investigate which one is dominant under different lubrication 
regimes. Also mathematical models are needed to explain the RMS value of AE signals 
based on operating parameters of the rig under the wear condition. 
Recommendation 3: Primary studies in this research shown that the temperature rise in the 
sealing gap is significant even if a good circulation for lubricant fluid is provided. The author 
believes that a strong correlation exists between AE RMS value and the temperature rise in 
the sealing gap. This is needed to be investigated in both theory and experiment. From the 
point of view of experiments, it is possible to locate two thermocouples in the back of the 
stationary ring to monitor the temperature change. A CFD analysis may help to extend the 
results to those operating conditions which are not possible to be simulated on the rig. 
Recommendation 4: Useful AE features have been extracted in this research to identify the 
tribological behaviour of mechanical seals under healthy and faulty conditions. On the basis 
of these features, it is possible to develop an intelligent AE fault detector using metaheuristic 
algorithms or artificial neural networks. Since this thesis has developed an AE model to 
describe the tribological behaviour of the sealing gap under healthy and faulty conditions, it 
is possible to extend the data to those operating conditions which are not possible to be 
simulated on the rig.  
Recommendation 5: Developing more advanced signal processing methods in the time, 
frequency and time-frequency domains is suggested. The advanced signal processing tool 
boxes developed in future research can be used to identify different lubrication regimes as 
well as different failure modes of mechanical seals. With the aid of this information it is 
possible to increase the reliability of mechanical seals both in design and manufacture. 
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Recommendation 6: Since it has been proven in Chapter 5 that a clear relationship exist 
between coefficient of friction and RMS value of AE signal in direct asperity contact, the 
dependency of AE level on the coefficient of friction needs to be investigated. It can be done 
by installing a torque meter on the shaft. To make more sensible results, application of 
lubricants with different viscosity (i.e. different oils) is recommended.  
Recommendation 7: Based on the literature review has been done in Chapter 2, it was found 
that surface texture of mating faces has a significant effect on the hydrodynamic pressure 
build up. Also based on the models developed in Chapters 5 and 7, the AE level is influenced 
by surface roughness. Hence the effect of surface texture on the tribological behaviour of 
mechanical seals needs to be investigated. To do this it is possible to create different surface 
textures by rubbing the mating faces when abrasive diamond particle is spayed between 
them. Alternatively, a polishing plane can be used and seal faces can be slightly polished. 
Recommendation 8: It has been illustrated in Chapter 6 the shaft of the test rig was supported 
by two deep grove ball bearings. Hence it is suggested to investigate the effect of bearing 
faults on the seal performance. Different test procedures such as single fault in a bearing, 
single fault in both bearings and combined faults can be considered. To interpret the results, 
proper signal processing algorithms should be applied. 
Recommendation 9: In this research the effects of churning fluid in the seal chamber, as a 
significant AE source at higher speeds, has not been considered. Therefore, it is 
recommended to study the effects of AE excitations from the viscous friction in the sealing 
chamber on the signals generated by the AE source mechanisms (see Section 5.3) in the 
sealing gap. To investigate AE signal from churning fluid, it is suggested to take the mating 
ring of (while the primary ring is attached to the shaft) and run the rig at higher speeds. It is 
immediately noted that it is not possible to pressurize the seal chamber during this test. 
Recommendation 10: In this research some AE features extracted from AE wave form in 
time domain (e.g. RMS and kurtosis) have been highlighted. Other potential useful features 
are needed to be more investigated. It is important to clarify the physical concept behind the 
such features.  
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Appendix A 
Elastic Strain Energy Released in Deformation of a Single Asperity 
The energy stored in an asperity due to elastic deformation is called elastic strain energy per 
unit volume which is equal to the area under the stress-strain curve, Figure A.1: 
Figure A.1 The concept of strain energy [209] 
where 
σ  is normal stress on an asperity 
yσ  is the yield stress of asperity material 
E  is modulus of elasticity 
ε  is normal stains in an asperity due to applied stress 
yε  is the yield strain of asperity material 
For any arbitrary value of strain in the elastic region the strain energy per unit volume, u, is 
calculated as: 
E
EdEdu
22
22
00
σεεεεσ
εε
==== ∫∫
      (A.1) 
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In an asperity with a non-uniform stress distribution, the elastic strain energy can be 
expressed by integrating elastic strain energy per unit volume over the volume V of the 
asperity: 
∫=→
=
∆
∆
= →∆
dVuU
dV
dU
V
Uu V 0lim         (A.2) 
Using Equation (A.1) for values of u in the elastic region the strain energy can be expressed 
as: 
∫=
ε σ
0
2
2
dV
E
U
         (A.3) 
The normal stress in bending of a single asperity is given by: 
I
rM
=σ           (A.4) 
where: 
M is bending moment 
r is asperity radius 
I is area moment of inertia 
Setting: 
dxdAdV =          (A.5) 
Then the elastic strain energy can be expressed as: 
∫∫
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=
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        (A.6) 
Define: 
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∫=
A
dArI 2
          (A.7) 
Thus Equation (A.6) can be rearranged as: 
dx
EI
MU
l
∫=
0
2
2          (A.8) 
In the deformation of asperities (either due to direct contact or fluid flow), the bending 
moment M can be expressed as (see Figure A.2): 
δ)( fFM =          (A.9) 
Where fF  is tangential friction force in the direct asperity contact and δ is maximum 
deflection in the contact area 
 
Figure A.2 Bending moment on a single asperity due to collision 
Substituting Equation (A.9) into Equation (A.8) and set l= δ lead to: 
EI
F
U f
6
32δ
=           (A.10) 
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Appendix B 
PAC AE Sensor Calibration Curve 
 
Figure B.1 AE sensor calibration certificate 
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Appendix C 
The Main Dimensions of the Rig 
 
Figure C.1 The dimensions of the new rig (in millimetre) 
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Appendix D 
Surface Topography Profiles of Stationary Ring (an Example: Sample 1) 
Figure D.1 Roughness profile for sample 1 before the tests 
 Figure D.2 Roughness profile for sample 1 after the tests 
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Figure D.3 Waviness profile for sample 1 before the tests 
Figure D.4 Waviness profile for sample 1 after the tests 
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Appendix E 
Results of Surface Roughness Measurements 
Results of surface roughness measurements are presented in Tables E.1 and E.2. Based on 
the obtained results, it is found that the seal surfaces were well polished and meet the 
requirements due to running in and previous service work in the lab. Also no wear evidence 
was observed after the tests.  
Table E. 1 The results of roughness measurements 
Sample 
number 
Ra  of stationary ring (µm ) Ra of  rotating ring (µm ) 
Before tests After Tests Before tests After Tests 
1 0.0246 0.0104 0.0545 0.0309 
2 0.0222 0.0082 0.0225 0.0193 
3 0.0219 0.0107 0.0229 0.0346 
4 0.0205 0.0104 0.0280 0.0308 
5 0.0229 0.0095 0.0166 0.0342 
6 0.0213 0.0096 0.0251 0.0474 
7 0.0223 0.0097 0.0206 0.0518 
8 0.0239 0.0104 0.0252 0.0104 
Table E. 2 The results of waviness measurements 
Sample 
number 
Wt  of stationary ring (µm ) Wt of  rotating ring (µm ) 
Before tests After Tests Before tests After Tests 
1 0.1383 0.0677 0.2999 0.3227 
2 0.1280 0.0660 0.8765 0.1227 
3 0.1286 0.0724 0.2684 0.1793 
4 0.1011 0.0732 0.3095 0.6303 
5 0.1263 0.0749 0.1650 0.2706 
6 0.1212 0.0828 0.2958 0.4211 
7 0.1401 0.0726 0.2873 0.5113 
8 0.1373 0.0646 0.6399 0.2504 
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Appendix F: Calculation of the Resonant Frequency of the 
Stationary Ring 
In general, the natural frequency of a vibrating system is given by (see Figure F.1): 
m
K
=ω           (F.1) 
Figure F.1 The structure of spring and weight 
where 
C  is damping coefficient 
ω  is natural frequency  
m  is mass of the vibrating system 
K  is stiffness of the vibrating system 
The materials of the rotating and stationary ring are antimony carbon and silicon carbide 
respectively. Table F.1 lists all of the relative parameters used in this calculation. 
  Table F.1 The parameters of the rotating ring for the calculation of natural frequency 
Description Notation Unit  Value 
Inside diameter of sealing interface Di mm 80.42 
Outside diameter of sealing interface Do mm 90.58 
Balance diameter Db mm 82.55 
Young’s modulus of silicon carbide E1 GPa 393 
Shear modulus of silicon carbide G1 GPa 162 
Length of the stationary component Lr mm 16 
Weight of stationary ring m gr 130 
Density D gr/cc3 3.21 
INVESTIGATION OF THE NONLINEAR TRIBOLOGICAL BEHAVIOR OF THE MECHANICAL SEALS FOR ONLINE CONDITION MONITORING 
235 
DEGREE OF DOCTOR OF PHILOSOPHY (PHD) 
F.1 Calculation of Longitudinal Vibration Frequency of the Ring 
When an axial load is exerted the free end of a cantilever beam (see Figure F.2), the 
displacement of free end is given by: 
AE
FL
=∆           (F.2) 
 
 
 
 
 
Figure F.2 Axial load on a vibrating system 
where 
L  is length of the beam 
A  is area of the beam perpendicular to the load direction 
F  is axial load  
E  is elastic modulus of the beam 
∆ is displacement of free end  
Considering the Equation (F.2), the stiffness of such a system can be expressed as: 
L
AEK =           (F.3) 
Substituting Equation (F.3) into Equation (F.1) the natural frequency related to axil load of 
a vibrating system can be calculated using Equation (F.4) 
mLn
AE
=ω          (F.4) 
In case of applied mechanical seal the sealing interface area is: 
E, A, L 
F 
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22 54136412805890
4
22
4
1 mm.)..(π)iDo(DA =−=−=    (F.5) 
Thus using Table F.1 the longitudinal natural frequency of the system is: 
kHzn 05.1616130.0
9300031364.54
=
×
×
=ω      (F.6) 
Based on the above calculations the frequency band of 150-200 kHz is more affected by the 
resonant frequency of the stationary ring rather than the frictional state of the sealing gap. 
F.2 Calculation of Torsional Vibration Frequency of the Ring 
Based on the theory of vibration, the stiffness of such a vibrating system under torsional load 
equal to T  can be expressed as: 
L
JGK =          (F.7) 
where 
J  is polar moment of inertia 
G  is shearing modulus of the beam 
L  is lenght of the beam (here is length of shaft, see Table 6.3) 
 
Figure F.3 Torsional load on a vibrating system 
Based on the equations of motion, for the above system: 




=+
=+
0
0
2θωθ
θθ


L
JGI
         (F.8) 
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Hence the natural frequency can be calculated using Equations (F.8): 
LIn
GJ
=ω          (F.9) 
Where I  is moment of inertia of the vibrating system .In case of applied mechanical seal: 
444 2501279)(
32
mmDDJ io =−=
π
      (F.10) 
222 .42.238))
2
()
2
((
2
1 mmKgDDmI io =+=     (F.11) 
where oD and iD  are outside and inside diameter of stationary ring respectively. Hence 
substituting Equations (7.10) and (7.11) into on Equations (F.9) and considering Table F.1 
the natural frequency related to torsional load on the stationary ring is: 
kHzn 235.242.238340
2501279620001
=
×
×
=ω       (F.12) 
 
